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The landscape of consumer electronics has drastically changed over the last decade.
Technological advances have led to the development of portable media devices, such
as the iPod, smart phones and laptops. This has been achieved primarily through
miniaturisation and using materials such as Lithium and Indium Tin Oxide (ITO) to
increase energy density in batteries and as transparent electrodes for light emitting
displays respectively. However, ten years on there are now new consumer demands,
which are dictating the direction of research and new products are under constant
development. Graphene is a promising next-generation material that was discovered
in 2004. It is composed of a two-dimensional lattice made only from carbon. The
atoms are arranged in a two atom basis hexagonal crystal structure which forms a
fundamental building block of all sp2 hybrid forms of carbon. The production of large
area graphene has a high cost, due to the long growth times and the high temperatures
required. This is relevant as graphene is not viable compared to other transparent
conductors which are produced on industrial scales for a fraction of the cost of graphene
growth. Furthermore, graphene has a high intrinsic resistivity (2KΩ/) which is three
orders of magnitude greater than the current industry standard ITO. This limits the
size of the electrodes as there is dissipation of energy across the electrode leading
to inefficiency. Furthermore a potential drop occurs across the electrode leading to
iii
iv
a non-uniform light emission when the electrode is used in a light emitting display. I
investigate alternative methods of large area graphene growth with the aim of reducing
the manufacturing costs, while maintaining the quality required for graphene human
interface devices. Building on this I develop new fabrication methods for the production
of large-area graphene devices which are flexible and transparent and show the first all
graphene touch sensor. Focusing on the reducing the high resistivity of graphene using
FeCl3 intercalation, while maintaining high optical transmission, I show low resistivity
achieved using this process for microscopic graphene flakes, large-area graphene grown
on silicon carbide and large-area graphene grown by CVD. Furthermore, I explore the
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Chapter 1
Introduction
The landscape of consumer electronics has drastically changed over the last decade.
Technological advances have led to the development of portable media devices, such
as the iPod, smart phones and laptops. This has been achieved primarily through
miniaturisation and use of materials such as Lithium and Indium Tin Oxide (ITO)
to increase energy density in batteries and as transparent electrodes for light emit-
ting displays respectively. There is also the development of high-efficiency solar cells,
which could enable a viable alternative method of producing energy to fossil fuels. In
households, the development of solid-state lighting has also significantly reduced en-
ergy consumption with respect to traditional filament light bulbs. Furthermore, there
has been the development of printable electronics, which allow for the production of
circuits on fabrics. Wearable electronics, such as heart rate monitors and near field
communication can be incorporated into clothes to collect and transmit data for use to
monitor patients in hospitals and many other purposes ranging from communication
to personal security.
However, ten years on there are now new consumer demands, which are dictating the
1
2direction of research and new products are under constant development. For example,
flexible and more durable mobile phone screens are required as there is the chronic
issue of broken displays due to dropping. The current technology uses ITO on rigid
glass as flexing and bending of ITO causes a significant degradation in the conductive
properties. The answer to this issue is to explore new materials that do not shatter on
impact and have comparable properties to ITO.
Graphene is a promising next-generation material that was discovered in 2004. It
is composed of a two-dimensional lattice made only from carbon. The atoms are ar-
ranged in a two atom basis hexagonal crystal structure which forms a fundamental
building block of all sp2 hybrid forms of carbon, such as carbon nano tubes, Buckmin-
sterfullerenes and graphite[1].
Graphene has cone-shaped valence and conduction bands that meet at the K points
of the Brillouin zone. Graphene is a semi-metal with no bandgap, therefore devices
made from graphene cannot be switched off, hence are not suitable for logic applica-
tions. However, through chemical functionalisation, by applying strain or constraining
the sample dimensions, the properties of graphene can be modified to open a band gap.
Monolayer graphene was first isolated in 2004[2], using micro mechanical exfoliation.
The material was attractive due to the simplicity of production, however the process
was limited to the production of microscopic graphene flakes. Significant improvements
in the methods of production have lead to the generation of large-area (up to 30 inches
squared) high-quality graphene[3], which is set to revolutionise the electronics industry,
like the first silicon transistor.
Although the thickness of monolayer graphene is only 0.34nm, it is stronger than
any other material[4] and an effective oxygen barrier[5], while remaining flexible[6]. By
utilising these properties Ti et al. have demonstrated graphene as a protective coating
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to materials that are susceptible to oxidation such as iron and copper[7]. Furthermore,
graphene is very stable and remains inert over a wide range of temperatures[8] and
exposure to many solvents[9]. However, there are observable changes to the electronic
transport properties through charge transfer from doping. By measuring the changes
in electrical resistivity it has been shown that graphene can be used as a substrate to
detect a wide range of dopants and organic molecules[10].
Finally, monolayer graphene has a high optical transmission of 97%[11] while being
conductive with a typical resistivity of 2KΩ/[2]. The combination of all of these
remarkable properties has lead to the greatest interest of the scientific community for
the use of graphene as a transparent conductor[13, 12]. However, graphene still has
some fundamental limitations before it can become a viable transparent conductor.
The production of large area graphene has a high cost, due to the long growth times
and the high temperatures required. This is relevant as graphene is not viable compared
to other transparent conductors which are produced on industrial scales for a fraction
of the cost of graphene growth. Furthermore, graphene has a high intrinsic resistance
(2KΩ/) which is three orders of magnitude greater than the current industry standard
ITO. This limits the size of the electrodes as there is dissipation of energy across
the electrode leading to inefficiency. Furthermore a potential drop occurs across the
electrode leading to a non uniform light emission when the electrode is used in a light
emitting display. This alludes to the four main objectives I aim to complete in this
thesis in a bid to tackle these fundamental issues:
First, to investigate alternative methods of large area graphene growth with the
aim of reducing the manufacturing costs, while maintaining the quality required for
graphene human interface devices. Typical chemical vapour deposition (CVD) graphene
growth uses hot walled tube furnaces to achieve the high growth temperatures required
4(≈ 1000◦C). My aim is to investigate graphene growth in an energy efficient cold walled
furnace and take advantage of the rapid heating and cooling times to optimise the
growth procedure. This is the primary objective of Chapter 4.
Second, to develop new fabrication methods for the production of large-area graphene
devices which are flexible and transparent. Not all processing techniques are compat-
ible with graphene and often lead to the destruction of the graphene film. My aim is
to develop a method of fabrication that allows for the construction of an all-graphene
touch sensor by reevaluating the current methods used to create flexible touch sensors
for portable devices, which is the aim of Chapter 5.
Third, to demonstrate, through functionalisation of graphene that the electrical
resistivity can be significantly reduced, while maintaining the high stability and optical
transmission of graphene. There are many methods of functionalisation involving the
doping of mono and few-layer graphene with charged molecules[14]; however, they are
often unstable and degrade with exposure to humidity and temperature[15]. My aim
is to functionalise exfoliated few-layer graphene flakes using FeCl3 intercalation and
characterise the optical and electrical properties, then to demonstrate the inherent
stability of this new material. This is the primary focus for Chapter 6.
Finally, to investigate upscaling the FeCl3 intercalation process of multilayer graphene
over a large-area for the development of transparent, flexible and low resistance elec-
trodes. There are several methods of producing large-area few-layer graphene; within
the scope of this thesis I focus on the functionalisation of graphene grown by the ther-
mal decomposition of 4H-SiC (Chapter 7) and graphene grown by CVD on a nickel
substrate (Chapter 8). Furthermore, I aim to develop a method of producing large-area
FeCl3-intercalated graphene on arbitrary substrates.
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Graphene, in the form of monolayer or few-layer material has remarkable properties.
The structure gives rise to the unique band dispersion responsible for the exotic elec-
trical transport properties and optical characteristics. Furthermore, there are many
methods of producing graphene with advantages and disadvantages for the mass pro-
duction and application of graphene. In this chapter, I will give an overview of the
fundamental properties of graphene; the different methods of mass production required
for industrial applications; the range of functionalisation procedures that have been
used to modify the properties of graphene as a transparent conductor.
2.2 The structure of graphene and transport prop-
erties
The structure of graphene consists of a two atom basis triangular Bravais lattice which
forms a honey comb structure, shown in Figure 2.1. The electronic band structure of
graphene is different to that of typical two-dimensional electron gases such as gallium
arsenide (GaAs) which have a density of states (DOS) independent of the Fermi energy
(EF ). Instead, the DOS of graphene increases linearly with energy and has no gap in
states between the conduction and the valence band.
The electronic band structure can be estimated using the tight binding model which
shows that each unit cell has 6 points where the valence bands and conduction bands
meet, as shown in Figure 2.2. This is called the Dirac point or the charge neutrality
point (CNP), where there is no population of dominant charge carriers. Furthermore,
at these points there is a linear dispersion, meaning that the charge carriers behave
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a1
a2
Figure 2.1: The atomic structure of graphene, where the red and blue atoms represent
carbon atoms with a different basis. a1 and a2 are unit vectors.






Figure 2.2: The dispersion of monolayer graphene determined using the tight binding
model[1].
like massless Dirac fermions[1].
The Fermi energy with respect to the CNP determines the dominant charge carrier;
below the CNP the dominant carriers are holes, while above the CNP the dominant
carriers are electrons.


















Figure 2.3: a) A schematic showing the parallel plate capacitor model, b) a sketch of the
resistivity (ρxx) plotted against the back gate voltage for monolayer graphene, where the
Fermi energy for the hole and electron doped regimes are represented by the filling of the
Dirac cones.
2.2.1 The effect of changing the Fermi energy
The Fermi energy is the energy of the highest occupied state relative to the lowest
occupied state in the system. This can be modified by doping, temperature and the
electric field applied through a top gate or a back gate electrode[2]. Raising the Fermi
energy increases the total occupied DOS and therefore increases the charge carrier
concentration.
The effect of the electric field on the charge carrier concentration can be modelled
using a system with two separated plates held at different potentials, as shown in
Figure 2.3a. The two plate system is modelled as a parallel plate capacitor with a
separation of d, a dielectric constant of , a potential difference of Vg and a charge
carrier concentration n with units of m−2. The electric field between the two plates is
given as:














Figure 2.3b shows a sketch of the resistivity plotted against the back gate voltage.
At high back gate voltage the resistivity is low, because the Fermi energy is raised
to a region where there are many hole or electron charge carriers, whereas with no
applied back gate voltage the Fermi energy is held at the Dirac point and there are few
available states for conduction, leading to high resistivity.
From measuring the resistivity of a graphene sample with respect to the back gate
voltage the charge carrier mobility can be determined. The charge carrier mobility µ
is a parameter that is useful to describe the effect of an in plane electric field on the
charge carriers. The value of µ is influenced by the rate at which the charge carriers
scatter through the material (1/τ), where τ is the average time between scattering and
is given by the following equation, where e is the electronic charge and m is the mass





The lower the scattering rate the higher the mobility, which is often used as a
measure of the quality of the graphene. The conductivity of the film is related to the
charge carrier mobility and concentration by the equation[4]:
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Figure 2.4: A schematic showing the Lorentz force acting on electrons travelling through a
conduction channel and being deflected to the sample edges, leading to a Hall voltage
σ = neµ (2.4)
By plotting the sample conductivity against the charge carrier concentration, the
gradient of the linear regime enables to derive the charge carrier mobility and the
effective sample quality can be estimated.
2.2.2 Transport in a low magnetic field
Applying a perpendicular magnetic field to the direction of current flow in a material
causes the deflection of the charge carriers through the Lorentz force, known as the
Hall effect. This leads to the accumulation of charge at the edge of the current channel,
shown in Figure 2.4, and a measurable potential difference between the edges of the
sample known as the Hall voltage. From this the Hall resistance is calculated by
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Figure 2.5: A schematic showing the multiple paths an electron can take around a loop in
the system, where each circle represents a scattering site.







The Hall resistance depends linearly on the applied perpendicular magnetic field B,
and the gradient is dependent on the charge carrier density n and the electronic charge
carriers e. By plotting Rxy versus B the charge carrier concentration can be estimated.
Furthermore, the charge carrier type affects the sign of the gradient as the Lorentz
force is opposite for electrons and holes. This allows for the determination of the type
of the dominant charge carrier concentration in the system.
At low temperature, in graphene, in the diffusive regime weak localisation is ob-
served. Weak localisation is a quantum correction to the resistivity of a disordered
material that occurs at low temperatures. As electrons scatter through a system they
take many different paths from one side of a sample to the other. The random paths
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that the electrons can take can be such that the electrons travel in a loop, shown in
Figure 2.5. There is also an equal probability that the electron travels in the same loop
but in the opposite direction. If the dephasing length is longer than the loop length,
the electrons traveling around the loop in opposite directions are phase coherent. As
both paths have identical lengths and they are phase coherent, then the electrons in-
terfere and cancel each other making the probability of an electron traveling around
the loop zero. This effect is observed when measuring the temperature dependence of
the resistivity. At higher temperatures, the dephasing length is shorter than the loop
length due to thermal fluctuations; this allows the electrons to travel around the loop
without interfering and leaves the sample resistance unaffected. Lowering the temper-
ature increases the dephasing length up to a point when it becomes longer than the
loop length and the quantum interference effects reduce the number of available paths
that the electrons can propagate through and therefore increase the sample resistivity.
Applying a perpendicular magnetic field to the system modifies the phase of both
of the electrons propagating around the loop. This reduces the effect of the localisation
and eventually destroys the quantum interference reducing the resistance to the classical
value[5].
By measuring the resistivity of a sample at low temperature with respect to a
perpendicular magnetic field allows for the estimation of several parameters such as the
dephasing length Lφ, the intervalley dephasing length Li and the intravalley dephasing
length L?. To analyse the quantum correction due to the weak localisation in graphene
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Where ∆σ is the correction to the conductivity due to weak localisation and Bφ,i,?
are fitting parameters related to scattering rates. The function F is given as:









Where ψ represents the digamma function which is defined as the logarithmic
derivative of the gamma function. The elastic, intervalley and intravalley scattering





The diffusion coefficient D is a parameter that describes how easily a charge carrier
can classically diffuse through a sample. This parameter is dependent on the sample
conductivity σ, the effective charge carrier mass m?, which is the mass of the charge










Analysis of the fitted weak localisation peak in low magnetic fields enables to obtain
various parameters that can be used to assess the quality of a systems, as described in
Section 7.5.
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Ballistic edge modes
Confined bulk
Figure 2.6: A schematic showing the Lorentz force acting on electrons, forming confined
orbits in the bulk of the system and edge modes at the edges of the current channel.
2.2.3 Transport in high magnetic field
The Hall effect is a classical phenomenon in which the trajectories of charge carriers
are deflected through the Lorentz force. As the magnetic field strength is increased the
Lorentz force is found to have a greater effect on the trajectory. If the magnetic field
is increased, the paths of the charge carriers form closed loops which are the onset of
the quantum Hall regime. With these trajectories, charge carriers in the system are
localised and not free to propagate. However, the charge carriers at the edges of the
current channel are elastically reflected. The Lorentz force acting on the charge carrier
causes another loop to start, as shown in Figure 2.6. The electron skips ballistically
along the sample edge, giving rise to an edge conduction channel. This phenomenon
also occurs on the opposite edge, however the current flow is in the opposite direction[7].
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ρxy(B) = B/ne










Figure 2.7: A sketch showing the quantisation of the ρxy (Red) and oscillation of ρxx (Black)
in the quantum Hall regime. The dashed lines represent the classical values of ρxy and ρxx.
This regime in a real sample is dominated by the balance between charge carriers
scattering off defects and impurities interrupting the enclosed orbits represented by the
mobility, and the strength of the applied magnetic field causing the orbits. The onset




Taking the measured field strength where the quantum Hall effect is observed can
be used as an alternative measure for the charge carrier mobility.
The observed transport properties associated with the QHE in a two dimensional
electron gas is sketched in Figure 2.7. The dashed lines represent the expected classical
values of ρxx and ρxy versus B. The observed phenomena are two fold, first the ρxy(B)
ascends in resistivity as a series of plateau and second the longitudinal resistivity ρxx(B)
oscillates between 0 and the classical value ρxx = m/(ne
2τ)[8].
The high magnetic field dominates the Hamiltonian of the electrons in the system,
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within the quantum harmonic oscillator model, where the energy levels of the allowed
degenerate edge states are[4]:
Ei = (i+ 1/2)~w (2.12)
Where i is the quantum number of the Landau level, ~ is reduced Planck constant
and w is the cyclotron frequency which is defined as the frequency of a charged particle
moving through a magnetic field perpendicularly. The energy levels, or Landau levels
are separated by ~w, as shown in Figure 2.8a. However, the energy levels are broadened
by thermal scattering and disorder, leading to broader peaks shown in Figure 2.8b.
There are two regions shown in each peak and, if the Fermi energy is within either
of these regions, there are different transport properties. When there is no ballistic
transport in the edge states ρxx 6= 0 the resistivity is defined by the classical resistivity,
these are known as localised states. Then there are the extended states which allow
for the ballistic transport and non dissipative transport leading to ρxx = 0.
Increasing the charge carrier concentration and hence the Fermi energy through
these peaks in DOS accounts for the changes in the observed value of ρxx. This phe-
nomenon can also be observed by pinning the Fermi energy to a constant value and
changing the magnetic field, which changes the distance between the Landau levels.
The steps in the Hall conductance replace the classical linear description which
follows σxy = ne/B. The gap in the available states between the Landau levels prevents
the accumulation of charge at the edges of the channels. This means that partially
filled Landau levels (within the mobility gap) do not contribute to the available charge
carriers effectively quantising the Hall conductivity to σxy = ie
2/h [4].
As the Fermi energy passes out of the mobility gap and fills the next Landau level
















Figure 2.8: A sketch showing the density of available states with respect to energy in the
quantum Hall regime, where a) represents the ideal case, zero temperature and defects, and
b) a realistic case where scattering broadens the energy range for the available states.
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we observe another step in the Hall resistivity.
QHE in monolayer graphene
Monolayer graphene has a unique QHE transport. Due to the different dispersion from





Where vF is the Fermi velocity, and i is the Landau level number. The different
Landau level energy distribution also manifests in the quantised Hall conductivity
where, instead of the expected plateau occurring in steps of σxy = ie
2/h, the steps
occur at values of σxy = (i+ 1/2)4e
2/h[1]. These phenomena are unique to monolayer
graphene, therefore measuring these QHE features in a device is truly proof that a
sample is monolayer.
2.2.4 Transport for thin film conductors
For a three-dimensional material, the sheet resistance Rs is the material resistivity
divided by its thickness. However for a two-dimensional material, the sheet resistance
is equivalent to the resistivity used in three-dimensions. In a regular three-dimensional





Where l is the film length, w is the film width, ρ is the film resistivity and t is the
film thickness. By grouping the resistivity with the thickness, the resistance can then
be written as:














Rs is then the sheet resistance and resistivity in two-dimensions. The units for Rs
are Ohms because it is multiplied by a dimensionless quantity. The term Ohms/square
(Ω/) is used because in Equation 2.15 it gives the resistance in Ohms of current
passing from a side of a square region to the opposite side, regardless of the size of the
square.
2.3 Methods of large-area graphene production
Since the first isolation of micrometer size graphene flakes in 2004[2], there has been a
race to find a cost-effective method of mass producing large-area graphene[9]. Ten years
on there is a wide range of methods that have been developed, each having different
associated advantages and disadvantages which affect the applications that they are
suitable for.
2.3.1 Liquid phase exfoliation
Large area films of monolayer and few layer graphene flakes can be produced by liquid
phase exfoliation. Graphite powder is reduced to small few-layer and monolayer flakes
by ultrasonication[10] or mechanical agitation[11] for long periods of time in either
water with surfactants such as sodium cholate or a range of suitable solvents like
N-Methyl-2-pyrrolidone (NMP)[10]. The process is outlined in Figure 2.9. As the










Figure 2.9: The process for producing liquid phase exfoliated graphene solutions. a)
Graphite powder is added to water or a solvent such as NMP. There are two shown methods
of processing to make the graphite dispersion, b) mechanical agitation where a mechanical
blade is used to separate the layers of graphite in the solution or c) ultrasonic exfoliation
where the graphite layers are separated using a high powered ultrasonic bath. d) The prod-
uct is centrifuged to separate the different thicknesses of the graphite flakes in dispersion,
where the thicker flakes sink to the bottom and the thinner flakes, including graphene, rise
to the top of the solution. e) The solution is filtered to remove any remaining thick flakes
leaving a suspension of monolayer and few layer graphene in water or a solvent.
exfoliation process is relatively simple and the chemicals used for the process are readily
available, the total cost of production is very low.
The graphene suspension can be used to coat substrates with a continuous graphene
film by drop casting, spray coating, Mayer bar coating or printing with an ink jet
printer[12]. Although the produced films are continuous, they consist of many sub
micrometer loosely stacked few-large and monolayer flakes. To be continuous, the film
must be many times thicker than monolayer graphene, which drastically reduces the
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optical transparency of the film. Furthermore, the electrical properties of the film
are affected by the poor interfaces between the stacked flakes, leading to a high film
resistivity.
Liquid phase exfoliated graphene films have been used as electrodes in solar cells[13]
and light emitting devices (LED)[14], where the poor conductivity and optical trans-
mission reduce the device efficiency. However, as the film is made from many stacked
flakes there is a high surface roughness, which increases the surface area of the film.
When used as an electrode in a battery the increase in surface area increases the stor-
age capacity[15]. Furthermore, the inherent chemical stability of graphene improves the
cycling stability of produced batteries when compared to the standard electrodes[15].
2.3.2 Epitaxial graphene grown on SiC
Graphene can be grown through the thermal decomposition of a Si or C terminated
face of a silicon carbide (SiC) substrate. There are many crystalline structures of SiC
that can be produced; however, for the growth of graphene, 6H- and 4H-SiC are used
due to their hexagonal structure and alternating layered carbon and silicon structure
illustrated for 4H-SiC in Figure 2.10a.
The process, shown in Figure 2.10b-c, uses high temperatures which are reported to
range between 1200 and 1600°C. At the C terminated face of the SiC grows multilayer
graphene with little control of the resulting number of layers or film uniformity[16].
On the other hand, it has been demonstrated that monolayer and few layer graphene
can be grown in a controlled manner on a Si terminated face[17].
This process is scalable to produce large area graphene on an insulating SiC sub-
strate. However, the quality and doping of the produced film are dominated by inter-
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Figure 2.10: a) The structure of 4H-SiC, where the carbon and silicon atoms and planes are
identified, b) the process of graphene growth on SiC, where temperatures range from 1200
to 1600°C under argon gas flow, c) monolayer growth on a Si terminated face and multilayer
growth on a C terminated face.
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action with the substrate. The solution commonly used is to decouple the graphene
and the substrate through hydrogen passivation[18]. The electronic quality of graphene
grown on SiC has been shown to be as high as 11000 cm2/(V.s)[18] meaning that it
could be used for high quality transistors[18] and metrology[19]. However, as the whole
substrate is insulating, it is difficult to modify the charge carrier concentration, dis-
cussed in Section 2.2.1, and the Fermi energy which are required to access some of the
interesting properties of graphene.
Although the quality of the graphene grown on SiC is high, there is a large cost of
production of the large SiC crystals required as the growth substrate. Furthermore,
as the grown graphene film cannot be reliably removed from the SiC substrate, this
method of producing large area graphene is limited to laboratory applications.
2.3.3 Chemical vapour deposition
In 2009, it was shown that graphene can be grown on the surface of some catalytic
metals using a high temperature chemical vapour deposition (CVD) process[20]. This
allows for the production of large area monolayer or few layer graphene films. There are
two common types of CVD graphene growth. These processes require similar growth
conditions, however, the underlying mechanism governing the growth of graphene is
different.
Monolayer graphene can be produced on a copper substrate[20], either a thin foil or
an evaporated film, as shown in Figure 2.11 a-c. The substrates are annealed at high
temperatures in a hydrogen atmosphere to clean the surface from oxides of copper. The
graphene is then grown by introducing methane gas. The methane gas is cracked by the
copper surface which creates carbon species that can either adsorb to the surface of the
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Figure 2.11: a) The annealing of a copper substrate to prepare the surface for CVD graphene
growth at high temperatures of 1035°C, b) the process of the formation of graphene on the
copper surface, where CH4 is adsorped at the copper surface to form carbon species, which
can form a nucleation site, attach to an already formed nucleation site or desorb from the
surface, c) the final formed film shown on both sides of the copper foil, d) the annealing of
a nickel substrate to prepare the surface for CVD graphene growth at high temperatures,
e) the CH4 gas adsorption is catalysed at the surface of the nickel and the resulting carbon
species absorbed into the nickel substrate, f) the precipitation of few layer graphene after
cooling the substrate to room temperature.
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copper to seed a graphene island (a nucleation site), attach to an existing nucleation
site or desorb from the copper surface. From successive attaching, the graphene islands
grow in size, therefore reducing the area of the exposed copper surface. This in turn
reduces the rate of catalysis of the methane adsorption and reduces the graphene
growth rate. Once a continuous layer is formed there is no exposed copper to catalyse
the methane adsorption, hence stopping any further growth. The resulting film is
therefore limited to monolayer graphene; however impurities and defects in the copper
foil can cause multilayer patches to form[21].
Few layer graphene can be grown on a nickel substrate, either on an evaporated
film or on a thin nickel foil[22, 23]. The nickel substrates are annealed, as with copper,
which cleans the surface of the nickel and modifies the crystalline structure of the film.
This is performed by heating the substrate in a hydrogen atmosphere. When methane
is introduced carbon adsorption is catalysed on the nickel surface. When the nickel
substrate is cooled down to room temperature the carbon is precipitated on the surface
in the form of mono and few layer graphene. It has been shown that the rate of cooling
directly affects the thickness and uniformity of the produced films[24].
The grown graphene films are removed from the metal substrates using a wet etching
technique, described in Section 3.2.3. The graphene films, using this technique, can be
transferred onto arbitrary substrates.
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2.4 Functionalising graphene for applications as a
transparent electrode material
For a transparent conductor it is vital that the sheet resistance is low. High resistance
electrodes have three major issues. First, the resistance of the electrode limits the
size of the producible electrode. When using the electrode in a display or solar cell
the electrode should have a uniform potential; however, with high-resistance electrodes
there is a voltage drop as the distance from the contacts connecting the electrode to
the rest of the circuit is increased. This leads to a non-uniform voltage potential across
the electrode giving non uniform light emission. To minimise this effect the size of the
electrode must be limited. Secondly, as there is a voltage drop across the electrode,
energy is dissipated as heat. Heating of the electrode can cause components such as
LED pixels to emit more or less light and can reduce the lifetime of the pixels leading
to an increase in device failure rates. Finally, screens are becoming more portable and
battery is operated as part of high-tech electronics. The dissipation of energy across
the electrode increases energy consumption and reduces the battery lifetime of the
device. This reduction in the device efficiency limits the range of products that the
electrodes can be used in. Similarly for photovoltaics, high resistance electrodes reduce
the efficiency of the cells and cause unnecessary thermal heating which also acts to
reduce the device lifetime.
The current standard material used for transparent electrodes in displays, touch
screens and solar cells is indium tin oxide (ITO) which has low resistivity (10 Ω / )
while having a high optical transmission (85%) with no optical hazing[26, 27]. For
graphene to fulfil the requirements of a transparent conductor it must have similar
performance as ITO films. Currently monolayer graphene has been shown to have high
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optical transmission (>97%), however, the resistivity is typically in excess of 1KΩ/
and the cost of production of CVD graphene far eclipses that of ITO, as discussed in
Section 4.5 and 6.5. To make graphene viable as a transparent conductor it must be
functionalised to reduce the resistivity and the production costs while maintaining the
high optical transmission.
2.4.1 Reduced graphene oxide
Graphene films produced through liquid phase exfoliation have to be thick to ensure full
continuity; this in turn reduces the optical transmission making these films unsuitable
as transparent electrodes.
Reduced graphene oxide is a cost-effective alternative material derived from liq-
uid phase exfoliation, as discussed in Section 2.3.1, used for making thin transparent
graphene films on arbitrary substrates. Graphene is insoluble in water, although can
exist in a suspension. This leads to issues with the production of uniform liquid phase
exfoliated films when the carrier water evaporates leaving a coffee ring distribution.
A solution is to increase the solubility of graphene through oxidation, allowing for a
uniform film to be produced. However, graphene oxide is insulating. To recover the
conductive properties of graphene, the produced films must be reduced to form pristine
graphene. This is achieved by heating the film in a reducing atmosphere or through
electrochemical reduction[28, 29].
Increasing the uniformity allows for thinner films to be produced, when compared
to liquid phase exfoliated graphene, which increases the optical transmission. The
total cost of production of graphene films in this manner is low, while the process is
also scalable to industrial quantities. Although reduced graphene oxide is a promising
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material for producing large area transparent electrodes the graphene produced has a
high resistivity (>30KΩ/).
2.4.2 Graphene combined with silver nanowires
Another approach for producing high quality transparent graphene conductors is to
combine silver nanowires with liquid phase exfoliated graphene. A solution of silver
nanowires is sprayed onto a substrate and then coated, by spraying, in a thin layer of
liquid phase exfoliated graphene, as shown in Figure 2.12. When thin films of silver
nanowires or graphene through liquid phase exfoliated graphene are produced on their
own they lack the continuity leading to high resistivities and nonuniformity across the
substrate, as shown in Figure 2.12a and b. When combining both materials the silver
nanowires help connect the graphene flakes on the substrate allowing for the thickness
of graphene required for a continuous film to be reduced. This in turn increases the
optical transparency of the film to 93%, while having low resistivity (30Ω/) [30].
However, there is a degradation of the quality of the film when exposed to oxygen in
the air. The solution is to encapsulate the film to prevent exposure, which reduces the
optical transmission. Furthermore, the width and separation of the silver nanowires is
similar to the wavelength of visible light, leading to diffraction of light passing through
the film giving rise to optical hazing.
2.4.3 Intercalation of graphite and graphene
Intercalation is a process where charged molecules can enter at the edges of domains
of graphite or few-layer graphene structures and then diffuse to form a continuous
layer between the graphene sheets[31, 32]. The intercalation is achieved using the










Figure 2.12: a) A distribution of silver nanowires on a substrate, b) a distribution of liquid
phase exfoliated graphene on a substrate, c) the combination of silver nanowires and liquid
phase exfoliated graphene on a substrate.
two zone vapour transport method described in Section 3.4. The addition of molecules
changes the electrical properties of the graphite or few-layer graphene. Moreover, there
are many other properties that have been reported to change for intercalated graphite
samples. Through the intercalation FeCl3 molecules into graphite, inter and intra plane
magnetism has been achieved[32], where the magnetic layers in the structure are as thin
as 0.5nm, many times thinner than magnetic films producible by thin film deposition
techniques[33]. Furthermore, with the intercalation of metals like lithium and calcium
in graphite, there has been an observed super conducting phase transition[34, 35].
The intercalation of charged molecules into the graphene structure increases the
charge carrier concentration and hence the Fermi energy. This populates higher energy
states with charge carriers leading to a higher total number of conducting states; hence
there is a higher observed conduction[31], which is discussed in Section 2.2.1.
For example, lithium intercalation has been shown to reduce the resistivity of few
layer graphene flakes down to 3 Ω/ [36]. Furthermore, a similar behaviour has been
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observed with FeCl3 intercalated few layer graphene, reducing the resistivity to 8 Ω/.
While the conductivity of the graphene is significantly changed, there are only small re-
ported changes in the optical transmission[31, 36], an indication that intercalation may
be a possible route to tailoring the properties of graphene for application in transparent
conductive electrodes.
However, the stability of intercalated compounds in air, specifically in the pres-
ence of moisture and oxygen, is generally poor. It has been reported that lithium
intercalated graphene is not stable in air and rapidly deintercalates, removing the im-
provements to the conductive properties of graphene[36]. On the other hand, there
are studies demonstrating the stability of FeCl3 doped graphene to a range of solvent
environments[37] and, as shown in Chapter 6, is also very stable in high humidity and
high temperature in air.
Previous studies by other groups have only shown the intercalation of small exfo-
liated flakes. Although there have been studies that have shown the doping of large
area monolayer graphene with FeCl3 molecules, there has been no evidence for the in-
tercalation of stacked CVD monolayer sheets[37]. The latter part of this thesis focuses
on the development and characterisation of small few layer FeCl3 intercalated samples
and extending the process to create FeCl3 intercalated films of large area using CVD
grown graphene and epitaxial graphene.
























Figure 2.13: A sketch showing the photo excitation of an electron and the relaxation via
a) Rayleigh scattering, b) Raman Stokes scattering via a phonon to a virtual state and c)
Resonant Raman Stokes scattering via a phonon to an allowed state.
2.5 Raman spectroscopy as a fast tool for assessing
the properties of graphene
Raman spectroscopy is a fundamental part of graphene research. It is a tool capable
of giving the number of layers and orientation of sheets of graphene. Furthermore it
yields information about the type of edge and the quality of a graphene film. Raman
spectroscopy also allows for the observation of strain, doping and disorder in a non-
destructive way[38].
Illuminating a material with a coherent light source excites electrons to high energy
virtual and unstable states, as shown in Figure 2.13. The majority of the photo excited
electrons relax to their original state emitting a photon with the same wavelength as
the source of incident light. The process is known as Rayleigh scattering. However,
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a direct transition is not the only route for the electron to relax to its original state.
While the electron is in an excited state it can lose energy by scattering off a phonon
and then relax through the emission of a lower energy photon. The emitted photon
has a reduced energy, therefore a reduced frequency compared to the incident light.
The difference, called the Stokes shift, in the frequency and energy is indicative of
the energy of the phonon. This process is known as Stokes Raman scattering. If the
electron is excited to an unoccupied energy state, as opposed to a virtual state, the
process is resonant.
2.5.1 Raman scattering in graphene
Due to the continuous nature of graphene’s linear band dispersion there are resonant
transitions for all excitation energies. There are characteristic resonant phonon modes
in graphene, indicated as D, G and the 2D modes[39], of which the representative
peaks are shown in Figure 2.14. The D and 2D peak are due to the transitions shown
in Figure 2.15. The excited electron scatters off the D mode phonon to an adjacent
Dirac cone. However, in doing so the electron has gained momentum. In order to
relax the momentum must be conserved either through the first order D mode or by
the second order D mode, the D and 2D peak respectively[40]. The D peak is due to
the scattering off a lattice defect, shown in Figure 2.15a, and relaxing to the initial
state. On the other hand, the 2D peak is due to the electron scattering via two D mode
phonons, before relaxing to the initial state where the emitted photon has lost twice
as much energy as the photon emitted for the D peak. The D peak is facilitated by
the presence of defects, so in a perfect graphene sample there is no D peak. As the 2D
peak is independent of the defects, the peak is always present. The D peak typically
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Figure 2.14: The Raman spectra of monolayer graphene measured at 532nm wavelength.
The D, G and 2D peaks are highlighted.
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occurs at ≈1350cm−1 and the 2D peak typically occurs at ≈2700cm−1[39].
The G peak transition is shown in Figure 2.16. The G peak is due to the bond
stretching of all pairs of sp2 bonded carbons, however the single peaked value of
1580cm−1 is attributed to the fact that in an ordered graphene lattice, all of the bond
angles and bond lengths are the same[41]. This peak is present for all excitation ener-
gies due to the linear band dispersion.
For monolayer graphene, the G peak intensity is roughly half the intensity of the
2D peak. The 2D peak is also a single sharp peak[39]. Increasing the number of layers
modifies the measured Raman spectra. For bilayer graphene, the intensity of the G
peak increases as there are more excited and relaxing electrons with increasing the
number of graphene layers. The more complex band structure of bilayer graphene also
changes the shape and structure of the 2D band[40]. There are four different transitions
allowed each with a define energy resulting in a multipeak structure, shown in Figure
2.17. As the number of layers increases so does the complexity of the 2D peak.
The Raman spectrum of graphene is sensitive to the level of disorder in the graphene.
Starting with pristine graphene adding defects to the structure causes the appearance
of the D peak[40]. As the number of defects increases, the intensity of the D peak in-
creases and the process becomes more favourable than the second order 2D transition.
This simultaneously reduces the intensity of the 2D peak. As the number of defects
increases, to the point where there are many six-membered rings of carbon however,
they are not directly connected, the D peak is at its maximum. Further disorder starts
to destroy the band structure preventing the D phonon transition from occurring. As
the disorder is increased further to the point of amorphous carbon and the majority of
the six-membered rings are destroyed there, is no D peak associated with graphene[41].
The disorder of the carbon film is quantified as a reduction in the ordering trajectory,

































Figure 2.15: a) A schematic showing the phonon and defect scattering responsible for the
D peak, b) a schematic showing the second order phonon scattering responsible for the 2D
peak.










































Band structure of bilayer graphene
b)
Figure 2.17: A schematic showing the four possible excitation and relaxation processes
responsible for the multipeak 2D band of graphene.
as shown in Figure 2.18. Reducing the ordering, the film transitions from graphene, to
nanocrystaline graphene and then to amorphous carbon.
Conversely, for disordered carbon becoming more ordered, the opposite can be said.
Increasing the ordering causes the formation of six-membered ring carbon structure
leading to the appearance of the D peak. As the density of the six-membered ring
carbon structure increases, the D peak increases to a maximum where the six-membered
ring carbon start to merge into graphene domains. Finally, as the number of defect is
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reduced through ordering, the intensity of the D peak reduces. Increasing the ordering,
the film transitions from amorphous carbon to nanocrystaline graphene and then finally
graphene.
The G peak is also indicative of the presence of disorder. The frequency (wavenum-
ber) of the G peak for pristine graphene is 1580cm−1. As the lattice is distorted by the
addition of defects the peak shifts at first up to 1620cm−1, due to the formation of five-
and severn-membered ring carbons. Further distortion leaves sp2 bonded disordered
carbon chains which have a G peak frequency as low as 1300cm−1
Combining the information from the position and intensity of the D, G and 2D
peaks gives a clear idea about the degree of order present within an sp2 bonded thin
carbon film, summarised in Figure 2.18.
Furthermore, the position of the G peak is also sensitive to the degree to which the
graphene is doped. Adding dopants to the graphene increases the number of charge
carriers through charge transfer which stiffens the phonon mode. This results in a
shift in the frequency of the G peak. The increase in the charge carrier concentration
increases the Fermi energy of the system and changes the Raman shift relative to
undoped graphene. The Raman spectrum of FeCl3 doped graphene has an upshifted
G peak at 624cm−1 compared to the undoped value of 1580cm−1[31].




































Figure 2.18: A sketch showing the effect of increasing disorder on the G peak position and
I(D)/I(G) adapted from ref.[41]
.
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Methods of graphene fabrication have advanced from the micro mechanical exfoliation
of graphite for micrometer size graphene flakes for fundamental research in condensed
matter physics[1], to being able to viably produce up to 30 inch continuous films for
use as transparent electrodes in displays[2]. Progress towards commercially viable
graphene electronics depends on the improvements of the graphene growth techniques
and the methods and materials used for graphene functionalisation and device fabrica-
tion. Furthermore, the development of traditional and new characterisation techniques
provides constructive feedback for growth and manufacturing processes. In this chap-
ter, I cover the fabrication techniques used in this work for producing graphene and
doped graphene by FeCl3 intercalation, the methods used to fabricate graphene micro-
scopic devices and the characterisation techniques used for determining quality, doping
and structure of graphene studied in this work.
3.2 Graphene fabrication
There are many methods of producing graphene as described in Section 2.3. In this
thesis, I have fabricated graphene by mechanical exfoliation and chemical vapour
deposition (CVD) on copper (Cu); furthermore I also used graphene on SiC which
was provided by my collaborator, Prof R. Yakimova (Linkoping University) and few-
layer graphene grown on nickel (Ni) which was purchased from graphene supermarket.
Firstly, I will describe the mechanical exfoliation of graphite onto glass or silicon (Si)
substrate covered with 285nm thick SiO2 to produce flakes of monolayer and few-layer
graphene. Secondly, I will describe the growth of graphene on the surface of copper
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using a cold walled (CVD) technique to produce large continuous films of monolayer
graphene which can be transferred on to flexible or rigid substrates.
3.2.1 Mechanical exfoliation
To produce monolayer and few-layer graphene flakes I used mechanical exfoliation of
natural graphite [1]. For this process, graphite is placed on adhesive tape, as shown
in Figure 3.1a, and peeled multiple times to create an area of thin graphitic material
spread on the surface of the tape, illustrated in Figure 3.1b. A cleaned SiO2/Si or glass
substrate is placed on the surface of the tape and pressed firmly, as shown in Figure
3.1c. The substrate is peeled from the tape giving a random array of graphitic flakes
deposited on the substrate surface with a wide range of thicknesses. The substrate is
examined under an optical microscope, where optical contrast measurements (discussed
in Section 3.5.1) are used to find the thinnest flakes which are monolayer and few-layer
graphene with a size up to 200 µm2. Some examples of the obtained images are shown
in Figure 3.1d and e.
3.2.2 CVD graphene growth on copper
Large area monolayer graphene is produced by chemical vapour deposition at high
temperatures under a controlled hydrogen (H2) and methane (CH4) atmosphere on
copper foils [2, 3]. The high temperatures required for growth can be achieved with
either a hot walled tube furnace or a cold walled furnace. In a hot walled, furnace
a quartz tube and substrates within are heated radiatively. In a cold walled reactor,
a stage is heated by a resistive element [4]. The two furnaces are shown in Figure
3.2a and b respectively. There are also alternative cold walled techniques including
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graphitic materialgraphite
Figure 3.1: The process of mechanical exfoliation of graphite: a) graphite placed on adhesive
tape, b) repeated peeling to create an array of graphitic flakes, c) a substrate placed on the
surface of the adhesive tape, d) and e) examples of photographs showing monolayer and few-
layer graphene and bulk graphite on a SiO2/Si substrate under 564nm illumination (scale
bar:25µm).





Figure 3.2: a) A schematic of the hot walled furnace used for CVD growth on copper; MFC
indicated a mass flow controller for controlling the mixture of growth gases b) a schematic
of a resistively heated cold walled furnace used for CVD growth on copper, c) a graph
demonstrating parameters for growing graphene on copper in a cold walled furnace, d) a
diagram showing the interactions of carbon adatoms during the nucleation and growth stages.
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inductive heating [5], halogen bulbs [6] and high energy plasma [7]; however they are
not covered in this thesis.
Copper foils (25 µm thick; Alfa Aesar; 99.999% pure) are placed within the chamber
before this is sealed. Air is removed from the chamber through successive evacuations
and purging with argon gas. There are three stages to the CVD growth process: copper
annealing, graphene nucleation and graphene growth, as outlined in Figure 3.2c.
The annealing stage of the copper foil has the role of reducing surface oxides and
defects; this is performed at 1035°C in a H2 atmosphere at a pressure of 0.1 mbar
for 10 minutes. In the nucleation stage, graphene islands are grown onto the copper
surface using a mixture of H2 and CH4 gases which are flowed into the chamber with
a ratio of 2:7, at 1035°C and 0.27 mbar . The decomposition of CH4 is catalysed at
the surface of the copper and releases carbon adatoms which form nucleation sites on
the copper surface or attach to the edges of existing nucleation sites, as illustrated in
Figure 3.2d. As more adatoms attach to the edges of the nucleation sites, they grow
to form graphene islands. In the final growth stage, the graphene islands grow to form
a continuous film, in this stage the flow rate of CH4 and the chamber pressure are
increased to boost the rate at which carbon adatoms attach to the graphene islands.
The islands continue to grow until they coalesce into larger clusters and finally form a
continuous film. Further growth is suppressed as the impermeable graphene film masks
the copper substrate stopping any further catalysis of CH4 decomposition for carbon
adatom production.
The three stage process is used to achieve a high quality film as described in detail
in Chapter 4. The size of the graphene islands, which can be considered defect free
domains, must be maximised therefore reducing the overall number of domain bound-
aries in the completed film. By choosing low gas flow rates and pressures I minimised
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the density of nucleation sites and hence increased the separation between the islands.
However, low gas flow rates and pressures have been empirically shown to limit the
maximum area that graphene islands can grow to. The solution is to have the growth
stage where higher flow rates and pressures are used to increase the size of graphene
islands to the point of coalescence [8].
3.2.3 CVD graphene transfer
The graphene grown on copper is transferred onto arbitrary substrates using the sup-
ported wet transfer process [3, 9]. PMMA [Poly(methyl methacrylate)] in an anisole
solvent is spin coated onto the surface of the copper, as shown in Figure 3.3a, and
cured in a vacuum. The graphene coating the underside of the foil is then removed
using an argon plasma in a reactive ion etcher shown in Figure 3.3b. The foil is floated
on the surface of an etchant solution (Figure 3.3c) where the etchant is nitric acid
diluted 1:7 with ultrapure deionised water. In this thesis, 1M FeCl3 solution is also
used as an alternative etchant of the transfer process for graphene grown on nickel
and copper. Once the copper is fully etched, the PMMA support and graphene are
transferred in to ultrapure deionised water using a spoon, as shown in Figure 3.3d. The
film is repeatedly transferred to water to clean the graphene surface from the residuals
of the etchant solution. The film is lifted out of the ultrapure deionised water by a
substrate and left to dry shown in Figure 3.3e and f. Finally, the PMMA support layer
is removed using acetone, followed by an isopropyl alcohol (IPA) rinse and drying with
nitrogen.





HNO3:H20                  1:7
Rinsed in DI water
Substrate
a) b) c)
d) e) f )
Figure 3.3: a) Copper foil is spin coated with PMMA, b) the graphene on the underside
of the copper is etched using an argon plasma, c) the copper is etched in a dilute solution of
nitric acid in ultrapure deionised water, d) the film is spoon transferred in ultrapure deionised
water, e) the film is lifted from solution using a substrate, f) the film is left to dry prior to
removal of the PMMA support.
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3.3 Device fabrication
To perform electrical measurements on our samples, I must first shape the graphene
flakes or film into a suitable geometry using a combination of reactive ion etching
and electron beam lithography. The graphene can then be electrically contacted using
electron beam lithography and thermal coating.
To pattern a graphene flake (Figure 3.4e), I spin coat a top layer of PMMA shown
in Figure 3.4a. Electron beam lithography is used to expose the inverse mask pattern
illustrated in Figure 3.4b and the exposed PMMA is removed using a developer solution
shown in Figure 3.4f. When the sample is etched in an Ar/O2 plasma the regions
of graphene not covered by the PMMA mask are etched away, while the regions of
graphene under the mask are protected, as shown in Figure 3.4c and g. Finally the
PMMA mask is removed using acetone, isopropyl alcohol and nitrogen drying, giving
the final etched flake shown in Figure 3.4d and h.
To electrically contact a graphene flake (Figure 3.5), I spin a bilayer of PMMA as
shown in Figure 3.5a. The first layer is a 495K PMMA, where the number indicates
the chain length, and the second layer is a 950K PMMA; both are baked at 180°C for
3 minutes. The pattern for the contacts is written using electron beam lithography,
as shown in Figure 3.5b and f. The shorter chain length PMMA is more sensitive to
electron beam exposure, furthermore backscattered electrons from the substrate expose
the 495K PMMA layer more than the 950K PMMA layer giving an undercut when the
PMMA is developed, as shown in Figure 3.5c. I metallise the substrate in a thermal
evaporator with a 10nm-thick sticking layer of chromium and then 50nm-thick of gold
also shown in Figure 3.5c. The PMMA and excess metal are ’lifted off’ using heated
acetone to leave just the metal contacts on the flake shown in Figure 3.5d and g. The
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Figure 3.4: a) The substrate is spin coated with PMMA, b) the PMMA is exposed with
the inverse of the mask pattern using electron beam lithography, c) the PMMA and exposed
regions are etched using an Ar/O2 plasma, d) the PMMA mask is removed to leave the pat-
terned graphene, e) a photograph showing a monolayer graphene flake, f) a photograph show-
ing the PMMA mask before the etching process, g) a photograph showing the PMMA mask
after the etching process, h) a photograph showing the finished etched monolayer graphene
flake. (scale bar:25 µ m)
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finished device is then loaded into a chip carrier and wire bonded to allow for electrical
measurements to be performed.
3.4 Intercalation of few layer graphene
The FeCl3 intercalation of few layer graphene is performed using the two zone vapour
transport method [10, 11, 12]. I load the sample into a glass tube with anhydrous FeCl3
powder, as shown in Figure 3.6a. The tube is evacuated to 1×10−5 mBar using a turbo
molecular pump and sealed using an isolation valve. The two zones are TSample and
TPowder which are heated to 360°C and 315°C, respectively, and are shown in Figure
3.6b. The FeCl3 powder sublimes while it is heated, releasing FeCl3 vapour along with
a small amount of Cl2 gas and solid FeCl2. The vapour travels over the sample to the
edge of the furnace and condenses in the cooler ends of the tube, shown in Figure 3.6a.
As the FeCl3 vapour passes over the sample, it intercalates the few layer graphene. In
the final stage of the process, the temperature of the powder (TPowder) is reduced first
to stop the sublimation of FeCl3 allowing the remaining FeCl3 vapour to condense away
from the sample, as highlighted in Figure 3.6b. The rest of the system is cooled and
the samples are unloaded. Images in Figure 3.6c and d show the unchanged optical
appearance of the few layer graphene flake before and after the intercalation process.
3.5 Characterisation
In this section I cover the methods used to characterise the number of layers of produced
graphene, the degree of functionalisation of FeCl3 intercalated few layer graphene to
determine the suitability of FeCl3 intercalated graphene as a transparent conductor
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Figure 3.5: a) The substrate is coated with a bilayer of ’soft’ 495K and ’hard’ 950K PMMA,
b) the contact pattern is exposed in the PMMA using electron beam lithography, c) the
sample is developed, giving an undercut and then metallised using Cr/Au 10nm/50nm, d)
the PMMA and excess metal are removed using acetone, e) an image of an etched graphene
flake, f) an image that shows the pattern exposed in the PMMA, g) the remaining contacts
after the metallisation and ’liftoff’ process.(scale bar:25µm)








































Figure 3.6: a) A schematic of the two zone vapour transport intercalation setup, b) a
graph showing the temperature of each zone with respect to time from the beginning of the
experiment. (c) and (d) Images showing a multilayer graphene flake at t = 0 and t = 9.6
Hours .
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and characterise the growth and quality of graphene produced in cold walled CVD on
a copper substrate.
3.5.1 Optical microscopy
Optical microscopy is used to non invasively determine the thickness of graphene flakes
and to measure the optical transmittance of few layer graphene flakes and films. The
optical contrast expressed b the Weber contrast (C) is defined in Equation 3.1, where
ISample and ISubstrate are the light intensity reflected from the sample and substrate,
respectively. For graphene flakes on a SiO2/Si substrate, there is an enhancement in





On the bare SiO2/Si substrate, a Fabry-Pe´rot etalon is formed between the Air/SiO2
and SiO2/Si interfaces shown in Figure 3.7a. Adding graphene on top of the SiO2
changes the interface and hence the optical contrast depending on SiO2 thickness and
light wavelength. The maximum optical contrast for few layer graphene flakes is on
a SiO2/Si substrate of 285nm thickness, when illuminated under green light (564nm),
where the contrast is directly correlated to the thickness of the film [13].
I photograph graphene flakes at x100 magnification under an optical microscope,
as shown in Figure 3.7b. The measured light intensity from the image is sampled
for both the graphene and the substrate and the optical contrast is calculated. To
calibrate the measured contrast with respect to flake thickness, the contrast of 50
samples is measured and plotted in a histogram, as shown in Figure 3.7c. The data
show discrete groups of contrasts, where monolayer and few layer graphene thicknesses




























Thickness not to scale
Figure 3.7: a) A schematic showing the different optical conditions for the substrate and
sample intensity measurements, b) an image of monolayer graphene where the areas for
substrate and sample intensity measurement are highlighted, c) a histogram showing the
distribution of contrasts for 50 few layer flakes, where the monolayer graphene is coloured













Figure 3.8: a) A diagram showing the measurement of the reference transmission intensity
(Ireference) and the sample transmission intensity (Imeasured), b) an image showing few layer
graphene on a glass substrate; the highlighted regions are the areas where the reference
transmission intensity and the sample transmission intensity where measured.
are identifiable.
The optical transmittance (T) is the fraction of light that passes through an object
(Imeasured) with respect to the total intensity of light passing though a reference medium





To measure the optical transmittance, a glass substrate is used for both graphene
flakes and films in a transmission microscope under x40 magnification. A reference
measurement is taken through the glass substrate away from any graphene flakes or
films. The reference intensity is measured for wavelengths between 350-800 nm on the
bare glass substrate shown in Figure 3.8b. The sample intensity is then measured and
the sample transmittance as a function of wavelength is estimated. When comparing
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Figure 3.9: a)A Raman spectrum of monolayer graphene showing the G- and 2D-bands, b)a
plot of the ratio between the intensities of the G- and 2D-bands with respect to the number
of graphene layers. Raman spectra were measured under x100 magnification.
the optical contrast of materials, the industry standard approach is to take the optical
transmission at 550nm.
3.5.2 Raman spectroscopy
The Raman spectrum of graphene can be used to determine the number of layers, the
order/disorder present in a carbon film including graphene and the doping in few layer
graphene due to FeCl3 functionalisation.
Number of layers
Using Raman spectroscopy there are three methods of determining the number of layers
present in a graphene film or flake. These methods refer to graphene on a substrate
which does not interact with graphene.
The first method,, is to compare the ratio of the intensity of the G band (I(G)) to
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that of the 2D band (I(2D)) for A-B stacked graphene. Figure 3.9a shows that as the
number of layers of graphene increases, so does the ratio I(G)/I(2D) from ≈ 0.5 for
monolayer graphene, to ≈ 1.2 for bilayer graphene and ≈ 1.5 for trilayer graphene and
so forth, as shown in Figure 3.9b. As the number of layers increases beyond three the
change in I(G)/I(2D) becomes more subtle and hence, it becomes increasingly difficult
to accurately determine the number of layers using this method[14].
The second method, is to analyse the structure of the 2D-band. For monolayer
graphene the 2D-band can be fitted using a single lorentzian function, as shown in Fig-
ure 3.10a. As the number of layers increases, the 2D-band shows a multipeak structure.
Bilayer graphene 2D-band can be fitted with four peaks and trilayer graphene with six,
shown in Figure 3.10b and c respectively. For graphene thicker than three layers, the
peaks merge, as shown in Figure 3.10d, preventing the accurate determination of the
structure; however the 2D-band structure is distinctive from that of bulk graphite,
which shows a broad two peaked 2D-band citeferrari2006.
The final method refers to graphene on a Si/SiO2 substrate, and compares the in-
tensity of the Si-band (I(Si)) of the substrate to that of the G-band of graphene. As
the number of layers is increased, the intensity of the G-band relative to the intensity
of the Si-band increases; the intensity if the fitted peak height with respect to the back-
ground. this is highlighted in Figure 3.11a where the Raman spectrum in the G-band
region shows the relative increase in intensity as the number of layers increases. Fur-
thermore Figure 3.11b emphasises the relationship between I(G)/I(Si) and the number
of layers of graphene[15]. This method is limited to identifying up to ≈ seven layers
of graphene, and when used in combination with the other two methods and optical
contrast spectroscopy it can accurately be used to identify the number of layers of
graphene for few layer graphene.










































Figure 3.10: The Raman spectrum in the region of the 2D-band for: a)monolayer graphene
with one fitted peak, b)bilayer graphene with four fitted peaks, c)trilayer graphene with six
fitted peaks and d)greater than four layer graphene fitted with three bands.
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Figure 3.11: a)Evolution of the G-band with increasing number of layers of graphene;
the intensity is normalised to the Si-band intensity for each sample, b)a plot showing the
I(G)/I(Si) ratio against the number of layers of graphene.
Furthermore, the thickness of graphene grown on SiC substrate which interacts with
the graphene can be determined from the full width half maximum (FWHM) of the
2D peak. It has been shown that there is a liner relationship between the parameter
and the inverse number of layers (N) by Lee et al.[16]. The empirical relationship is:
FWHM(2D) = (-45(1/N) + 88)[cm−1].
Ordering and disorder
As discussed in Section 2.5.1, the ordering/disorder of a carbon film can be determined
by Raman spectroscopy. By fitting the D-, G- and 2D-bands to extract the band
intensity, full width half maximum and position, I can estimate the degree of sp2
ordering within the sample.
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Figure 3.12: A representative Raman spectrum of FeCl3 intercalated few layer graphene; a)
the upshifted G-band to the G1- and G2-band positions; insets: the graphene/FeCl3 structure
for the G1 and G2-bands, b) the single peak structure of the 2D-bands FeCl3 intercalated few
layer graphene.
Doping
When few layer graphene is intercalated with FeCl3 there is an upshift of the G-band
due to charge transfer [11]. There are two possible bands that are formed, the G1
and G2 bands, as shown in Figure 3.12a. The G1-band (1612 cm
−1) occurs when each
layer of graphene has one adjacent layer of FeCl3. The G2-band (1625 cm
−1) occurs
when each layer of graphene has two adjacent layers of FeCl3; due to the different
charge transfer from the adjacent FeCl3 layers. Furthermore for intercalated few layer
graphene, the structure of the 2D-band changes from a multipeak structure shown in
Figure 3.10 to that of a single peak shown in Figure 3.12; due to a electrical decoupling












Figure 3.13: a)A schematic of a two terminal device, where yellow regions represent gold
contacts, grey are graphene regions and red are the interface resistance regions, b) a diagram
showing the two equivalent circuits; Top: the measured resistance (Rmeasured), Bottom:
the series resistance of the contacts (Rcontact), the interface (Rinterface) and the graphene
(Rgraphene).
3.5.3 Electrical transport
To gain detailed information about the quality and structure of graphene samples, I
perform electrical transport measurements in a range of perpendicular magnetic fields
and temperatures. This subsection covers two and four terminal measurement tech-
niques, constant current measurement, sweeping a back gate voltage and considerations
of electron temperature for cryogenic measurements.
For all cryogenic measurements I use a Signal Recovery SR70025 lock-in amplifier
to source and measure AC voltage, a Keithly 2400 source meter to provide the gate
voltage. For DC measurements, a Keithly 2400 source meter and a Hameg 8008 LCR
bridge are used.
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Two terminal measurements
The simplest measurement to perform is the ’two terminal’ resistance measurement,
in which the graphene sample has two contacts applied as shown in Figure 3.13a. A
current (Iapplied) is driven between the two contacts and the voltage drop between the





Applying Ohm’s law (Equation 3.3) the resistance can be calculated (Rmeasured).
However the measured resistance is not the resistance of the graphene, as the bottom
part of Figure 3.13a shows that the current must pass through the contacts, interface
barrier and graphene sample, each of which have an associated series resistance. This is
illustrated by the two equivalent circuit diagrams shown in Figure 3.13b and Equation
3.4. In Figure 3.13b, the top panel shows the measured resistance (Rmeasured), whereas
the bottom panel shows the series resistance of the contacts (Rcontact), the interface
(Rinterface) and the graphene (Rgraphene).
Vmeasured
Iapplied
= Rmeasured = 2Rcontacts + 2Rinterface +Rgraphene (3.4)
The contact and interface resistance contributions are sometimes larger than the
resistance of the graphene. For cryogenic measurements, the wires leading to the sample
require low thermal conductivity to reduce sample heating; however this increases
the Rcontact, hence contributing between 300-500Ω to the measured resistance. The
interface between the gold contacts and the graphene is affected by the presence of
insulating PMMA, glue residues left after sample fabrication, and the mismatch in the
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work function between graphene and the contacts. The contribution of Rinterface can
thus range between 20Ω and 1GΩ.
This method of measurement is suitable for devices with a large area between the
contacts and graphene combined with low resistance measurement wires. An example
of this is the measurement of the room temperature sheet resistivity of the graphene
in a flexible touch sensor (Section 5).
Four terminal measurements
To eliminate the dependence of the measured resistance on the resistance of the mea-
surement setup and the effect of the interface resistance, I use a four terminal mea-
surement. Figure 3.14a shows the contact configuration where a current (Is−d) is
driven between the source and drain contacts. When the current is driven across the
graphene sample, assuming the graphene is electrically isotropic, there is a uniform
voltage drop that occurs between the source and drain contacts illustrated in Figure
3.14b, where contour lines of equivalent potential are shown. Voltage probes at the
edge of the graphene sample equilibrate to the potential present at the position of the
probe. Measuring the potential difference between probes V1 and V2 gives the longitu-
dinal voltage drop across the length of the sample. Applying Ohm’s law then allows








As an extension of this technique, I also measure transverse voltage (Rxy) by taking
the voltage drop between the probes V1 and V3 and applying Ohm’s law as expressed
in Equation 3.6. An ideal sample with zero applied perpendicular magnetic field and








Lines of eqivalent potential
a) b)
Figure 3.14: a) A schematic of the four terminal contact configuration, where Rxx is mea-
sured using V1 and V2 voltage probes and Rxy is measured using V1 and V3, b) a schematic
showing the lines of equivalent voltage potential that occurs across the graphene current
channel when a current is driver between the source-drain contacts.









The constant current measurement is suitable for accurately measuring samples with a
low resistance (<20KΩ). The circuit diagram for both two and four terminal measure-
ments is outlined in Figure 3.15a and b. When a voltage V[osc] is applied across the


















Figure 3.15: a)The two terminal configuration of the constant current measurement, b)the
four terminal configuration of the constant current measurement where voltage probes are
on the edge of the current channel.
circuit. This is done by imposing the condition that Rballast >> Rgraphene. By dividing
the top and bottom of the fraction by Rballast, as shown in Equation 3.8, and applying










The value of the ballast resistor I use is 10MΩ, and Vosc = 1V gives a current
of 1 × 10−8A and allows us to measure any graphene sample with a source to drain
resistance of <20KΩ with a least 99.8% certainty in the current (I).
As described in the two previous sections, for the two terminal measurement the
voltage drop is measured across source-drain of the sample and the four terminal from
voltage probes at the edge of the graphene channel.
Applying a voltage to the gate
The charge carrier concentration of the graphene on a SiO2/Si substrate is changed
using the electric field effect by applying a potential difference between the graphene
and Si backgate, as shown in Figure 3.16a. The induced electric field between the
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Figure 3.16: a)A schematic of a graphene device separated from the backgate electrode
with a SiO2 dielectric; the electric field generated between the two plates is indicated by
the charge symbols in the dielectric, b)a diagram of the circuit used to change the backgate
voltage.
graphene and gate increases the number of charge carriers in the graphene, the charge
carrier concentration can then be estimated using the parallel plate capacitor model.
To protect the gate electrode from dielectric breakdown due to electrical spikes or user
error I use a 1GΩ resistor in series shown in Figure 3.16b.
3.5.4 Atomic force microscopy
The thickness of CVD grown carbon and graphene films on SiO2/Si substrate are
determined using a NT-MTD NTEGRA tapping mode AFM. The surface topography
of a transferred carbon film grown on copper is measured, as shown in Figure 3.17a. An
area which includes the substrate and the film highlighted in Figure 3.17a is sampled
and the distribution of the heights is then plotted as a histogram shown in Figure
3.17b. The two peaks at lower and higher values of height represent the substrate
height and the film height, respectively. Fitting each peak with a gaussian function

























Figure 3.17: a)AFM topographic image of carbon film on a SiO2 substrate; the highlighted
region shows the sampled region for the statistical study, b) a histogram showing the distri-
bution of measured heights from within the sampled area. Substrate and film distributions
are fitted and the difference between the average heights gives the total thickness
thickness.
3.5.5 Scanning electron microscopy
During CVD growth graphene islands are formed therefore enabling to track the CVD
graphene growth. For different stages of the growth process I use SEM to determine
the average graphene island size and separation. SEM micrographs where taken for
graphene islands transferred on to SiO2/Si to determine the average area and separation
of domains. Figure 3.18a shows a micrograph taken at 5000x magnification where
graphene islands appear dark and the SiO2 substrate is lighter. The image is then
processed by inverting the colours and applying a threshold to create a two colour
bitmap, as shown in Figure 3.18b. Using the Matlab image processing toolbox, each
island is identified and the area is measured[17]. Figure 3.18c shows a single identified
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Figure 3.18: a)An scanning electron micrograph showing graphene islands (Black) on a
SiO2 substrate, b) processed micrograph with inverted intensities and applied black and
white threshold, c) a single identified island extracted from the micrograph shown in false
colour, d) all identified islands in the micrograph after applying a noise filter.
island on a false colour map. To reduce the effects of residues resulting from the transfer
process, the data are filtered to remove any island with an area smaller than 1 µm2.
The so identified islands are given random false colour to check that no islands are





All calculations are based on the analysis of ten micrographs for each growth time,
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where the average area of the islands is estimated by summing the area of all islands
(Aislands) and dividing by the total number of islands (Nislands), as expressed in Equa-
tion 3.9. The average separation of the islands (Smean) is estimated from the density of
islands in Equation 3.10, where the density (d) is taken as the total number of islands
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Large area CVD graphene grown on copper has emerged as the most promising ap-
proach for the industrial exploitation of graphene[1, 2]. This is due to the compatibility
with existing silicon based processing technologies and high efficiency roll-to-roll pro-
duction techniques. Furthermore, recent technological advances offer control over the
CVD graphene morphology, doping and the fabrication of hetero-structures, which al-
lows for the tailoring of the properties of graphene granting access to emerging and
traditional applications,[3, 4, 5].
Tailored CVD graphene is suitable for many applications ranging from transparent
and flexible electrodes for solar cells, touch screen and light emitting displays[7, 8, 9, 10]
to metrological systems, where fundamental constants can be redefined to unprece-
dented accuracy[11, 12].
There are many approaches to CVD graphene growth procedures that use different
combinations of growth times, gas flow rates and the ratio of growth gases which affect
growth rate and control growth morphology. Each method produces different qualities
of the resulting graphene film. Quality of a graphene film is gauged by the measured
charge carrier mobility, which is affected by grain boundaries, film continuity and dop-
ing. To maximise the apparent quality of graphene films it is typical to produce small
devices (1µm × 6µm) to reduce the influence of grain boundaries and film continuity.
However, for industrial applications it is necessary to not only have high quality films,
but to have this quality throughout the large area of the film produced.
Therefore, to better quantify the quality of graphene films for electronic applications
I propose an electronic quality factor (Q). By considering the size of the measured
device alongside the charge carrier mobility, the quality of large area films can be
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gauged. Comparing the range of produced film qualities listed in Table 4.1, there
is a range of measured mobilities from 1800 cm2/(V.s) to 10800 cm2/(V.s). When
considering the electronic quality, there is a redistribution of the perceived quality of
the different growth processes in favour of large devices more suited for commercial
applications, shown later in this chapter.
Each growth process also has different associated costs. Long growth times at high
temperatures in hot walled tube furnaces has a large energy cost. However, the energy
cost is not the only significant cost for graphene production. The price of the high
purity copper foils, used as a substrate, and gases required for growth of graphene
contribute significantly to the cost of production. To assess the viability of graphene
production I estimate the total cost of CVD graphene production for a range of different
procedures is summarised in Appendix A.
Table 4.2 and Table 4.3 show the estimated energy and growth gas costs, respec-
tively, for each different growth recipe. The biggest contribution to the total cost of
production is the energy cost. Table 4.2 shows the large variation in the energy cost
of producing CVD graphene, where the use of a hot walled furnace has a price rang-
ing from £0.52 to as much as £11.00; where long growth times significantly increase
production cost. Cold walled systems [19, 16] use significantly less energy, hence have
reduced energy and total costs.
Summing the cost of all processes involved us to compare the different approaches of
CVD graphene production reported in Table 4.4. To grow higher quality and cheaper
graphene the graphene growth process must be understood, allowing for a reduction
in the growth time and volume of gases used. However, hot walled furnaces are slow
to heat up and cool down ( > 40 minutes ) due to the large thermal mass, hence












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Article Gas cost Energy cost Copper cost Total cost
Li et. al.[1] (2009) 0.26 1.20 0.35 1.80
Bae et. al.[2] (2009) 0.13 1.20 0.35 1.70
Li et. al.[13] (2011) 0.012 1.60 0.35 1.90
Liu et. al.[14] (2011) 0.52 0.52 0.35 1.40
Sun et. al.[15] (2012) 0.55 0.021 0.35 0.92
Hao et. al[3] (2013) 0.38 11.00 0.35 11.00
Chen et. al.[4] (2013) 0.24 4.90 0.35 5.40
Our work (2014) 0.0033 0.009 0.35 0.36
Table 4.4: The estimation of cost of each price component and the total cost of the growth
for each procedure in GBP (£). The total cost is rounded to the nearest two significant
figures.
results. Furthermore, hot walled furnaces are inefficient for achieving and maintaining
growth temperatures, leading to a high energy cost, as shown in Table 4.2[3, 4]. In
contrast, a resistively heated cold walled system, by the fact that only a small volume is
heated, can be heated and cooled rapidly ( < 4 minutes ). This allows for observation of
the graphene growth required for the optimisation of the growth process. Additionally,
cold walled furnaces offer an energy efficient alternative to hot walled systems. For
example, a commercial cold walled furnace has a power draw of 0.3 kW[22] compared
to the MTI 1200X hot walled furnace with a power draw of 6 kW. In the following
sections, I present my approach to optimising the growth of CVD graphene using cold
walled system, by characterising the growth process with the aim to reduce the price
while keeping the quality of the product high. I then asses the electronic quality and
cost of production, which is then compared to the approaches discussed earlier in this
section.
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4.2 Experimental details
Graphene islands are obtained using a commercial cold walled CVD system. Copper
foils are heated to 1035°C in a low pressure hydrogen (H2) atmosphere and annealed
for 10 minutes to increase the copper grain size and clean the copper surface of oxides.
Graphene growth is then initiated by introducing methane (CH4) as a carbon source.
To understand the initial stages of graphene formation, growths are carried out for a
range of temperatures (950°C - 1035°C) and growth times (10 seconds - 600 seconds).
After the growth, the methane gas flow is stopped and the foils are rapidly cooled to
room temperature. The films are transferred from the copper foils to SiO2/Si sub-
strates for characterisation, using the wet etch technique described in Section 3.2.3. I
characterise the films using Raman spectroscopy, atomic force microscopy (AFM) and
scanning electron microscopy (SEM).
4.3 Initial stages of the growth of graphene
For all investigated growth temperatures (TG), a thick disordered carbon film is ob-
served, which forms in the early stages of growth, illustrated in Figure 4.4. As the
growth time is extended, the film progressively becomes thinner and finally evolves
into graphene islands.
4.3.1 Raman spectroscopy study
To track the transition from a disordered carbon film to graphene I first use Raman
spectroscopy. Figure 4.1 shows a waterfall plot of the Raman spectra for growths at
950°C and growth times (tG) ranging from 1 minute to 6 minutes. I observe peaks
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characteristic of sp2 bonded carbon atoms for all measured samples. From lowest to
highest Raman Stokes shift the peaks are: the D peak at ≈1340 cm−1, the G peak at
≈ 1600 cm−1, the D’ peak at ≈ 1600cm−1, and the 2D peak at ≈ 2700cm−1.
Lorentzian fitting of D, G and 2D peaks allows for the determination of the de-
gree of ordering in the film, by analysing the relative band intensities taken from the
peak maximum (ID,G,2D), the Full Width at Half Maximum (FWHM(D,G,2D)), and
the peak position ν˜G. According to the three stage model for the classification of
disorder, the evolution of ID/IG, FWHM (D,G,2D) and ν˜G allows us to asses the order-
ing/amorphisation in carbon materials, from graphite and amorphous carbon[23, 24]
to few layer and monolayer graphene[25, 26].
For tG = 1 minute, nano-crystalline graphene is observed. This is evidenced by the
small intensity of the 2D peak with respect to the D and G peak intensities, together
with the overlap between the G and D’ peaks, which indicates that there is no significant
long range two dimensional ordering. Furthermore, the absence of a doublet structure
of the D and 2D peaks suggests that there is no three dimensional ordering.
Increasing tG, there is an observed increase in I2D and IG, as shown in Figure
4.2a, combined with a decrease in the ratio ID/IG from 3.9 to 0.2, as seen in Figure
4.2b. Simultaneously, ν˜G downshifts from 1601 cm
−1 to 1590 cm−1 and there is a
significant reduction of FWHM(D,G,2D), as shown in Figure 4.2c and d. The evolution
of IG,2D, ID/IG, ν˜G and FWHM(D,G,2D) with increasing tG is consistent with the
stage 1 long range two dimensional ordering trajectory leading from nano-crystalline
graphene to graphene, as described in Section 2.5.1. In this regime, the increase in two
dimensional long range ordering increases the size of the sp2 bonded clusters / domains
(La). Cluster size can be estimated using the empirical Tuinstra-Koenig relation[27],
expressed by Equation 4.1, where C(532nm) = 4.96nm. C is an empirically derived





















Figure 4.1: A waterfall plot showing Raman spectra for films grown at 950°C, transferred
to SiO2/Si with an excitation wavelength of 532nm. Raman spectra are normalised to the
intensity of the Si Raman peak at 521cm−1 and are presented with ascending time, from 1
to 6 minutes. The peaks are identified from left to right as the D peak, the G peak, the D’
peak, and the 2D peak.
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Figure 4.2: Fitted parameters plotted with respect to time for a growth temperature TG
= 950°C; each point is representative of a typical carbon film for each time. a) The intensity
of the G and 2D peaks (IG and I2D), b) the peak maximum of the D peak divided by the
G peak (ID/IG), left, and the estimated domain size from the Tuinstra-Koenig relation,
right, c) the position of the G ν˜G and 2D peaks ν˜2D , d) the FWHM of the D, G and 2D
peaks, FWHM(D,G,2D). The highlighted regions show the relevant fitted parameters from a
continuous graphene film produced using the two stage growth process. The dashed lines are
a guide for the eye and the experimental errors are smaller than the data points used on the
plot
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number associated with the D peak and depends on the wavelength of the excitation
laser[28]. Using this relation, La is estimated with respect to the growth time, as shown
in Figure 4.2b. The observed domain size increases from 2nm for tG = 1 minute to





For growth times above 6 minutes, the 2D peak has an intensity more than twice
that of the G peak and can be fitted with a single Lorentzian, with ν˜2D = 2678 cm
−1
and FWHM(2D) = 44.7 cm−1. These findings are consistent with the formation of
monolayer graphene[26, 25, 29].
When the growth temperature is increased to TG = 1000°C and 1035°C, there is a
similar behaviour, however, the transition occurs in a much shorter timeframe. Figure
4.3a and b show the evolution of the Raman spectra for 1000°C and 1035°C. After 5
seconds and 1 second, there is no long range two dimensional ordering and no three
dimensional ordering for 1000°C and 1035°C respectively. This is evidenced by the low
intensity 2D peak with respect to the D and G peaks and a lack of doublet structure
of the D and 2D bands. After 10 seconds for both temperatures, I observe the same
evolution of the peak characteristics, an increase in I2D and IG, a decrease in ID/IG,
and an increasing separation of the G and D’ peaks. This is also consistent with a stage
1 ordering trajectory, as with tG = 950°C. After 40 seconds and 20 seconds respectively
for 1000°C and 1035°C, I observe the Raman spectra of monolayer graphene.
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Figure 4.3: A waterfall plot showing Raman spectra of graphene transferred to SiO2/Si,
and with an excitation wavelength of 532nm. Raman spectra at 521cm−1 are normalised
to the intensity of the Si Raman peak and are presented for a growth temperature TG of
a) 1000°C and growth time tG ranged from 5 to 40 seconds, b) 1035°C and growth time tG
ranged from 1 to 60 seconds.
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Figure 4.4: Illlustration of a carbon film as it converts from a disordered structure into
graphene islands at TG = 950°C. The inset, left, shows the AFM topography of a thick
carbon film after 1 minute of growth, with the disordered structure highlighted. The inset,
right, shows the AFM topography of a graphene island, with the structure highlighted, after
6 minutes.
4.3. INITIAL STAGES OF THE GROWTH OF GRAPHENE 94
4.3.2 AFM study of film thickness
To understand the process of graphene formation the film thickness changes with re-
spect to growth time (tG) are observed. As the Raman study alludes, the formation
of graphene occurs for all growth temperatures (TG), however, I focused my attention
to the slowest growth rate to gain better temporal resolution, which occurs at TG =
950°C, as shown in Figure 4.4 .
Sample thickness was measured using the AFM technique described in Section 3.5.4.
Figure 4.5 shows that tG=1 minute, the film thickness is 115nm, and it reduces as the
growth time (tG) is increased. A thickness of 2.7nm is observed after 6 minutes, and,
accounting for fabrication residues and substrate effects, is representative of monolayer
graphene[30]. It is observed that the carbon film is continuous during the initial stages
of nano-crystalline graphene formation. As the film thickness is reduced, the composi-
tion tends to graphene. After 4 minutes, the film fragments into graphene islands, as
shown in Figure 4.4.
This evidence, supported by the evolution of the Raman spectra as a function of tG,
suggests that the disordered carbons are desorbed during growth, eventually resulting
in monolayer graphene, which is stable at the growth temperatures.
4.3.3 SEM study of island growth
SEM is used to provide further insight into the growth of the graphene islands after
the fragmentation of the carbon film. The high contrast between the graphene islands
(dark) and the insulating SiO2/Si substrate (light) allows us to use a simple counting
algorithm, described in Section 3.5.5, to extract information about the size and sepa-
ration of the graphene islands. Figure 4.6 shows the evolution from a continuous film
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Figure 4.5: CVD film thickness plotted against the growth time tG for transferred films
grown at TG = 950°C. The dashed line is a guide for the eye and the experimental error bars
are smaller than the data points.
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to fragmented graphene islands over tG at TG = 950°C.
A continuous film at tG = 1 minute is observed. After 3 minutes, the film starts
to fragment. Further increasing the growth time tG to 4 minutes leads to full frag-
mentation. At this point, the change in the island size and separation is tracked with
increasing growth time tG.
Figure 4.7 shows the island size plotted against the growth time for a range of
growth temperatures. For growth times between 5 and 7 minutes, for TG = 950°C,
there is an increase in island size with growth time. The maximum island size is
achieved at tG = 7 minutes; however, after 7 minutes the size of the islands begins to
reduce. A similar behaviour is observed for TG = 1000°C and 1035°C, but on a shorter
timescale. These observations show that increasing growth temperature accelerates the
formation of graphene islands and the achievement of maximum island size.
As discussed in the previous Chapter 3.2, increasing growth time would not lead to a
continuous film. The average separation of the forming graphene islands is also tracked.
Post film fragmentation, the average separation for all growth temperatures is seen to
increase with increasing growth time, as shown in Figure 4.8. There is a saturation in
graphene island separation after 9 minutes for TG = 950°C, and 2 minutes for TG =
1000°C and 1035°C. A saturation in the separation of graphene islands is observed, by
a significant reduction in the rate of change of separation, indicates is that there are
no new islands formed after the initial fragmentation.
4.4 Growth of continuous graphene film
Grown graphene islands can be connected using a two stage growth process [31]. This
is achieved by increasing the ratio of methane to hydrogen after the graphene islands
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Figure 4.6: Scanning electron micrographs of transferred films, grown at TG = 950°C, for
growth times tG of a) 1 minute, b) 3 minutes, c) 4 minutes, d) 5 minutes, e) 6 minutes, and
f) 8 minutes. All images are in scale.














Time (min) Time (min)































Figure 4.7: The average island size of grown graphene islands, determined from SEM, with
















































Figure 4.8: The average island separation of grown graphene islands, determined from SEM,
with respect to growth time tG for growth temperatures TG of a) 950°C, b) 1000°C and c)
1035°C.
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are formed. It has been demonstrated that changing the pressure, growth gas ratio
and an extended growth time does not generate new islands, while causing the growth
of existing islands. The islands then grow until they coalesce into a continuous film.
To maximise the quality of CVD graphene produced, the size of the graphene
islands needs to be maximised, so that during coalescence there is a reduced number of
grain boundaries. The criterion for this is to have large graphene islands with a large
separation. However, to reduce the cost of production total growth time required to
form a film of graphene needs to be minimised.
As a compromise between quality and cost of production, I select a growth tem-
perature of TG = 1000°C and a growth time of tG = 40 seconds. This accounts for
a maximum in island size, a large separation, and a short time required to grow the
graphene islands, reducing the total energy costs. To fill the gaps between the graphene
islands on the copper foil, I change the hydrogen/methane ratio from 2:7 to 2:35. I
grow graphene with this new ratio of gases for 5 minutes, stop all growth gases and
cool the copper foil to room temperature.
4.5 The electronic quality of graphene films grown
by cold wall CVD
Using cryogenic electrical transport measurements the quality of the graphene film is
determined to prove that the graphene produced is monolayer. First I transfer the
grown film to a SiO2/Si substrate. I create an electrically connected Hall bar, with
the dimensions of 225 µm × 25 µm, using electron beam lithography, as described in
Section 3.3.
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Figure 4.9: The four terminal resistivity (ρxx) plotted against applied backgate voltage and
measured at a temperature of 4.2K. The red curve is obtained before the annealing procedure
and the black curve is obtained after the annealing procedure.
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Figure 4.10: a) The measured four terminal longitudinal resistivity (ρxx) plotted with
respect to the charge carrier concentration (n) at a temperature of 4.2K. The inset shows the
dimensions of the measured device on a false colour image, b) the longitudinal conductivity
(σxx) plotted with respect to the charge carrier concentration (n). The linear gradient (red)
shows the region where the charge carrier mobility is estimated.
The initial measurement of the resistivity versus gate voltage shows that the charge
neutrality point (CNP) occurs at Vg = +80V, indicating that the sample is doped by
fabrication residues. To clean the graphene Hall bar of fabrication residues, I thermally
anneal the device at 140°C in the top of a helium dewar. After 12 hours of annealing,
there is a shift in the CNP from ≈ + 80V to 4V, as shown in Figure 4.9. To determine
the charge carrier mobility, the longitudinal resistivity (ρxx) is measured with respect
to the charge carrier concentration (n). By plotting the conductivity against charge
carrier concentration and taking the gradient for low charge carrier concentration, the
charge carrier mobility is estimated. Several devices were measured and had a typical
mobility of ≈ 3000 cm2/ (V.s) .In the shown sample, the estimated maximum carrier
mobility is 3300 cm2/ (V.s). From this value, the estimated electronic quality factor
for the sample is 4.13×106.
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It is proved that the grown graphene is monolayer by measuring the response of the
longitudinal and Hall resistivity at high perpendicular magnetic field. The measure-
ments are performed using a constant current of 1nA, as described in Section 3.5.3.
At a perpendicular field of 13T and a temperature of 250mK, the Hall conductance is
measured with respect to the applied gate voltage, and results as shown Figure 4.11.
It is observed that there are well developed conductance plateau when the Fermi
energy is within a Landau level with values that correspond to the conductance rela-
tionship σxy = (n + 1/2) × 4e2/h. As described in Section 2.2.3, this is characteristic
of the half integer quantum Hall effect[32, 33]. The four fold degeneracy in the quan-
tised conductance is a signature of monolayer graphene, with two fold spin and valley
degeneracy. Simultaneously, I observe ρxx = 0Ω, where the Fermi energy is within the
n = 0 Landau level for both electrons and holes; as seen in Figure 4.12. The fact that
there are observed localised and extended states in the quantum Hall regime for both
electrons and holes at relatively low magnetic fields indicates that the grown graphene
is of high quality over a large area.
Plotting a colour map of the differential Hall conductance, Figure 4.13, shows that
there are bands, which represent the Landau levels. These quantum Hall features are
observed, specifically for n = 0, down to fields of 5T, further highlighting the high
quality of the CVD graphene produced.
4.6 Estimation of the cost of graphene production
Having established that high quality graphene can be grown by cold wall CVD, I
proceed now to estimate the cost of production.
For the growth process, the copper foil is annealed for 10 minutes at 1035°C with
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Figure 4.11: The Hall conductance (σxy), normalised to (4e
2/h), plotted against the applied
gate voltage (Vg) at a temperature of 250mK with a perpendicular magnetic field of 13T.
The dashed lines represent the half integer steps corresponding to the relationship σxy =
(n+ 1/2)× 4e2/h.
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Figure 4.12: The four terminal longitudinal resistivity (ρxx) plotted against the applied
gate voltage (Vg), measured at a temperature of 250mK with a perpendicular magnetic field
of 13T.
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Figure 4.13: A colour map showing the differential Hall conductance at a temperature of
250mK for a range of applied magnetic fields from 5 to 13T and charge carrier concentration
(n) ranging from -6×1012 to 4.1×1012 cm−2. The dashed lines indicate the Landau levels.
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a flow rate of hydrogen gas of 0.4 SCCM. The island forming stage is performed at
1000°C for 40 seconds with a flow rate of 0.4 SCCM and 1.4 SCCM of hydrogen and
methane respectively. Finally the growth stage is performed at 1000°C for 300 seconds
with a gas flow rate of 0.4 SCCM and 7 SCCM for hydrogen and methane respectively,
as shown in Table 4.2 and Table 4.3 . The total cost of the whole process is summarised
in Table 4.4.
I then compare the cold walled CVD process to the processes presented at the be-
ginning of this chapter. Figure 4.14 shows the electronic quality factor plotted against
the cost of production. In this graph, the ideal graphene would have a low production
cost and high electronic quality factor. It is apparent that the quality of my produced
graphene in this work exceeds that of graphene from other processes, while simulta-
neously having a significantly lower cost of production. However, there is a different
issue in the comparison to the hot walled processes. I have reduced the cost of energy
and growth gases to the point where the total cost of our process is dominated by the
cost of the copper foil substrate. Fortunately, the copper foil can be reconstituted from
the etchant solution to reclaim up to 99% of the original copper in the foil [17]. If the
majority of the copper could be reclaimed, the cost of the copper foil can be effectively
neglected. The resulting cost of production would reduce by 98.83%-99.89% when
compared to the cost of other processes presented at the beginning of this chapter.
4.7 Conclusion
In this chapter, a cold walled furnace is used to optimise the process of growing high
quality CVD graphene. Firstly, I characterise the transition from an adsorbed disor-
dered carbon film to monolayer graphene islands, through tracking the increase of two
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Figure 4.14: A plot comparing the electronic quality factor (Q) to the cost of graphene
production, where our work has been included.
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dimensional ordering using Raman spectroscopy. Secondly, I determine the change in
the thickness of the carbon film until monolayer graphene is observed. Drawing on this
information from the Raman and AFM studies, I observe that the increase in growth
temperature leads to a reduction in the time required to grow graphene islands. I then
track the growth and separation of the grown islands using SEM, which ultimately
give me the information required to optimise our growth process. I then determine
the quality of the grown graphene using the electronic transport techniques, where I
extract a charge carrier mobility of 3300 cm2/(V.s) and an electronic quality factor
(Q) of 4.13×106. Finally, I demonstrate that the new process produces high quality
graphene, while reducing the cost of producing CVD graphene as much as 99.89%.
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Chapter 5




Touch sensing has become the dominant human interface method for detecting input
for all smart phone and tablet touch screens, and all laptop computer trackpads. There
are two main methods of touch sensing: capacitive and resistive[1, 2].
A four wire resistive touch sensor is illustrated in Figure 5.1a and a cross section in
b, where two resistive layers are separated by insulating spacers. Each layer has two
electrical contacts identified. To identify if and where the sensor is being touched, the
resistance between the combination of the electrical contacts (1,2,3 and 4) is measured.
If there is no pressure applied to the sensor, the top and bottom layers are isolated,
hence there is high resistance between the bottom contacts (1 and 2) and the top
contacts (3 and 4). When a pressure is applied, such as a stylus, shown in Figure 5.1b,
the top and bottom layers are brought into electrical contact. Subsequently, a unique
set of resistances is measured between the combinations of the electrical contacts (1,2,3
and 4), which corresponds to an x and y position where the touch sensor is pressed.
A four wire resistive touch sensor is limited to only detecting one input at a time.
To solve this problem a more advanced geometry is required, with multiple x and y
detecting electrodes, although the principle of measuring a set of resistances remains
the same[3]. Resistive touch sensors dominated the market in the 90’s, however the
slow response times and poor sensitivity to touch input associated with resistive touch
sensors has lead to the dominance of capacitive touch sensors.
There are two types of capacitive touch sensors, self capacitance and mutual capac-
itance [4, 5]. They have the same configuration illustrated in Figure 5.2a, where two
sets of conductive electrodes are separated by a dielectric layer and the intersection
between the electrodes forms a capacitor shown in Figure 5.2b. When pressure is ap-















x direction y direction
Figure 5.1: a) A schematic of a four wire resistive touch sensor, where 1 and 2 are electrical
connections to the bottom resistive layer and 3 and 4 are electrical connections to the top
resistive layer. Note: protective polymer layer not shown. b) A side slice across the area
where both top and bottom resistors overlap, where insulating spacers are shown to separate
the two resistive layers. A stylus is shown in contact with one area to demonstrate the action
of pressing the two resistive layers together.
plied with a stylus to the top electrode, the dielectric material is elastically deformed
hence reducing the distance between the two electrodes, as shown in Figure 5.2c. The
change in the system can be explained using the parallel plate capacitor model given
in Equation 5.1, where C is the capacitance of the system, ε is the permittivity of the





−→ ∆C = εA
d1 − d2 (5.1)
When pressure is applied to the system, the distance between the two electrodes
changes from d1 to d2 and the capacitance of the system is increased. In the case where
the change in capacitance depends on the change in the separation of the electrodes,
this is called self capacitance [4]. However, when the pressure is applied with a grounded






























Figure 5.2: a) A schematic of a capacitive touch sensor, where two sets of conducting strips
are separated by a dielectric layer, b) a side slice of a region where the top and bottom
electrodes intersect, c) a schematic of self capacitance, where an insulating stylus elastically
deforms the dielectric layer bringing the two electrodes closer together, d) a schematic of
mutual capacitance where a human finger causes stray electric field and hence a parasitic
capacitance, e) and f) are equivalent circuits showing the effect of the parasitic capacitance
on the measured capacitance.
that forms between the top and bottom electrodes and the finger. The stray electric
field causes a parasitic capacitance, which reduces the capacitance between the two
electrodes depicted by the two equivalent circuit diagrams in Figure 5.2e and f. This
is called the mutual capacitance[5]. Both methods are viable for touch sensing and are
commonly used for current applications.
It is simple to detect pressure applied to a surface; however, to gain spacial in-
formation about where on the surface is being pressed requires the geometry shown
in Figure 5.2a to form an array of capacitors. Each capacitor can be independently
measured using the corresponding strips; for example, to address the capacitor shown,





Figure 5.3: A schematic of the construction of a smart phone screen illustrating the need
for the touch sensor to be transparent.
strips A and 1 are used.
When touch screens are used for smart phones and tablets they are sandwiched
between the display and a protective glass layer as shown in Figure 5.3. Therefore,
the sensor must be transparent to allow light to efficiently travel from the backlight
and out of the front of the device. The industry standard transparent conductor is
Indium Tin Oxide (ITO), which has high optical transmission combined with a low
sheet resistance[6]. However, for the next generation of flexible electronics, all of the
materials used in the construction of the touch sensor must be flexible. ITO is brittle
and when exposed to repeated strain the electrodes crack [7, 8, 9]. This has a significant
effect on the electrical properties of the ITO electrodes, causing a reduction in the
sensitivity and response time of the sensor, which eventually leads to a total failure of
functionality.
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It is clear that new transparent conductors are required for the next generation of
flexible and transparent touch sensors. Graphene has demonstrated a high tolerance
to flexing [10], high optical transparency and high electrical conductance [11]. Further-
more, with the outstanding chemical stability and compatibility with existing silicon
based electronics [12], graphene is an ideal material to replace ITO for flexible touch
sensors.
The first resistive graphene touch sensor was demonstrated in 2013[11]; the ap-
proach used a four wire resistive geometry, shown in Figure 5.1, where ITO was re-
placed with monolayer CVD graphene. When the sensor is pressed, the two graphene
layers are brought into electrical contact, and the position of the touch can be deter-
mined though resistance measurements. Building on this advancement, there has been
the recent development of resistive graphene touch sensors that allow for multi-touch
inputs[13]; however, the functionality of these devices is limited by the mechanical
properties of graphene. Repeated pressing of the unprotected graphene layers causes
damage to both layers. Over time this reduces the functionality of these resistive touch
sensors, limiting the viability of commercialisation.
CVD graphene has been used as the electrode material for a capacitive touch
sensor[14] as illustrated in Figure 5.2a. In this device, two sets of graphene strips
are separated, by an optically clear adhesive (OCA), which is used as the dielectric
layer and supported by a glass substrate. The device was demonstrated in a smart
phone by replacing a conventional ITO based touch sensor. However, the sensor was
fabricated on a rigid glass substrate. limiting the applications to conventional rigid
electronics, and not flexible systems. This alludes to the major technical hurdle for an
all-graphene capacitive touch sensor.
It has been shown that the adhesion of graphene to a surface depends on the surface
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roughness[15, 16]. There is high adhesion for flat substrates like hexagonal boron
nitride (h-BN) and glass, and poor adhesion for rough substrates like plastic. However,
plastic must be used to allow for flexibility of the device. When a flexible dielectric
material is added by spin coating, which is needed to achieve thin dielectric layers,
the graphene strips detach from the plastic surface destroying the device. To solve
this problem I developed a novel fabrication procedure which preserves the structure
of the graphene strips, therefore allowing us to create the first flexible all-graphene
touch sensor. Furthermore, the processes allows for the touch sensor to be created on
arbitrary insulating substrates.
5.2 Fabrication process
To fabricate the touch sensor I use CVD graphene grown on a copper foil, as shown
in Figure 5.4a. The foil is spin coated with PMMA and baked at 180°C to cure the
PMMA film. The PMMA is exposed using electron beam lithography to define contacts
(shown in Figure 5.4b and Figure 5.5a). The PMMA is developed, coated with 50nm of
gold and lifted off (shown in Figure 5.4c and Figure 5.5b). PMMA is then spin coated,
baked at 180°C and the graphene strips are patterned using electron beam lithography
(shown in Figure 5.4d). The PMMA is then developed and the exposed graphene
is etched using an oxygen/argon plasma (shown in Figure 5.4e and Figure 5.5c). A
support layer of PMMA, which also acts as the dielectric layer, is spin coated onto the
structure and vacuum cured for 30 minutes. The copper foil is floated on the surface of
a 1 mol FeCl3 solution and the copper foil is etched (shown in Figure 5.4f and Figure
5.5d). The PMMA coated graphene structure is repeatedly transferred to ultrapure
deionised water to remove the residual FeCl3 etchant (shown in Figure 5.4g). It is then
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Figure 5.4: A schematic of the process for fabricating the touch sensor devices. a) Graphene
is grown on a copper substrate, b) the foil is coated with PMMA and contacts are exposed
using electron beam lithography, c) exposed regions are developed and metallised with 50nm
of gold, d) the foil is coated with PMMA and an etch mask is defined between the gold contacts
with electron beam lithography, e) exposed graphene is etched using an argon/oxygen plasma,
f) the foil is coated with PMMA and the copper is etched using 1 molar FeCl3, g) the film is
washed in ultrapure water, and h) the film is transferred to a PEN substrate.
transferred onto a Polyethylene naphthalate (PEN) substrate (shown in Figure 5.4h
and Figure 5.5e) resulting in a set of contacted graphene strips coated with PMMA
dielectric on a flexible plastic substrate. For the top layer of graphene strips, I pattern
and contact the graphene on a copper foil as before, (shown in Figure 5.4a-g and Figure
5.5a-d). The copper foil is then wet etched and transferred orthogonally onto the PEN
substrate to the bottom layer of graphene strips (as shown in Figure 5.5f).
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Figure 5.5: a) Window in PMMA after electron beam exposure and development on copper
foil coated in CVD graphene, b) a gold square after the metallisation gold on top of a copper
foil coated with CVD graphene, c) gold contacts connected by graphene strips on the surface
of the copper foil, d) the gold contacts and graphene strips supported by a PMMA film
floating on FeCl3 etchant solution, e) the transferred structure onto a PEN substrate, and
f) an example of a finished device where two sets of graphene strips have been orthogonally
transferred on the PEN substrate
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5.3 Device characterisation
To characterise the electrical properties of the graphene strips, I made a single strip of
graphene with multiple gold contacts (Figure 5.6a) where the width of the channel is
W and the length between the contacts is L. I used electrical probes to make electrical
contact with the gold pads on the device, shown in Figure 5.6b. To determine the
resistivity of the graphene strip I measured the two terminal resistance between pairs
of gold contacts with different separations (Figure 5.6c) using a Keithly 2400 source






Where Rgraphene is the sample resistance, ρgraphene is the sample resistivity or sheet
resistance, L is the sample length and W is the sample width. By plotting the mea-
sured resistance against the length between the contacts divided by the channel width
(the number of squares), as in Figure 5.6d, I observed a linear relationship as im-
plied by Equation 5.2. However, in this two terminal measurement, as dwscribed in
Section 3.5.3, R is a combination of the series resistance of the measurement circuit
wires (Rsystem), the contact resistance (Rcontact) and the resistance of the graphene
(Rgraphene). As the contact pads are all identical and the measurement circuit is un-
changed, I assume that Rcontact and Rsystem are constant and independent from sample
length, as expressed in Equation 5.3.
Rmeasured = Rsystem + 2Rcontact +Rgraphene(L) (5.3)
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Therefore as only Rgraphene depends on L, a linear fit of the plot in Figure 5.6d give the
resistivity of the graphene strip of 1.3 KΩ per square (KΩ / ). The system resistance
is measured by shorting the two electrical probes together, for which I measured 0.4Ω.
Finally, the contact resistance is estimated by taking the value of the y intercept (where
L = 0) which results in a contact resistance of 68Ω per contact. This measurement
shows that a continuous strip of graphene is present across the device with a low contact
resistance.
To ensure that each graphene strip in the touch sensor was continuous, I measured
the resistance across all of the strips to check for electrical continuity. I found that all
of the strips conducted and had a resistance that is described by Equation 5.2.
5.4 Touch sensing
The measurement of a single element with unknown capacitance, illustrated in Figure
5.7a and b, was performed with a capacitive Wheatstone bridge in null offset operation.
An AC voltage is applied between points 1 and 2 in the circuit shown in Figure 5.7b.
The value of R1 is tuned until the voltage drop measured between points 3 and 4 is
zero. Once the bridge is balanced (V3→4 = 0), the unknown capacitance Cx can be





To detect the change in self capacitance for the touch sensor when a load is applied
to one element, I first measured the capacitance of each element with no load applied to
the sensor. For this I used two electrical probes and a Hameg 8118 capacitive bridge. A
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Figure 5.6: a) Schematic of a set of gold contacts on a single graphene strip, where L is
the length between gold contacts and W is the width of the graphene strip, b) a photograph
showing a measurement probe in electrical contact with a gold pad, c) a circuit diagram
showing the two terminal measurement of the graphene strip using a Keithly 2400 source
meter, and d) the measured two terminal resistance plotted against the number of squares
(L/W). The error bars as smaller than the size of the data points.

















Figure 5.7: a) Schematic of a single element of the all-graphene touch sensor, where the
dashed red lines indicate the connections to the measurement circuit, and b) the circuit dia-
gram showing a variant of the Wheatstone bridge used for measuring an unknown capacitance
Cx of the element; inset: the element connected by red dashed lines.
load of 36g was applied to one element (indicated by a white arrow) using an insulating
probe. Simultaneously, the capacitance of each element was measured as before. The
normalised change in capacitance is plotted in Figure 5.8a, where C1 and C0 are the
loaded and unloaded capacitance respectively and ∆C = C1 − C0.
From the response of the sensor, I observed that the maximum change in capacitance
occurs at the element where the pressure is applied. This result indicates that the touch
sensor can detect applied pressure through self capacitance and determine where the
pressure is applied.
Furthermore, I demonstrated the mutual capacitive response for the touch sensor
by measuring the change in capacitance, where one element is repeatedly touched with
a human finger. Figure 5.8b shows the change in capacitance with respect to time
for several light presses of the device. It was observed that the measured capacitance
changes significantly, however upon unloading the capacitance returns to the initial
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value. Once the resulting change from loading or unloading has occurred, the capaci-
tance remains stable until the load is changed.
5.5 Flexibility measurement
To determine the tolerance of the touch sensor to repeated flexing, I bent the device
around a 2cm cylindrical radius. I measured the change in the resistance across the
graphene strips after the sensor was returned to its natural state. Figure 5.8c shows the
percentage change in the resistance of two graphene strips over the course of 2000 bends,
one parallel (black) and the other perpendicular (red) to the bending direction. It was
observed that there was some variation of the resistance, however it remains below a
3% change in total strip resistance for both strip orientations after 2000 bends. This
demonstrates the durability and flexibility of the graphene strips in the touch sensor,
in stark contrast to the degradation of the electrical properties of ITO electrodes.
5.6 Conclusion
In this chapter, I presented a novel fabrication technique for manufacturing a graphene
capacitive touch sensor. Subsequently, I demonstrated that the sensor can spatially
detect when a probe is brought into contact with a load of 36g through self capacitance.
Furthermore, I showed the repeated detection of a human finger on a single element
due to mutual capacitance. Finally, I demonstrated the flexibility and durability of
the sensor by observing only minor changes in the electrical properties of the graphene
strips after 2000 bends.
I conclude two important facts. Firstly, graphene is indeed a suitable electrode
127 CHAPTER 5. ALL-GRAPHENE FLEXIBLE TOUCH SENSOR
Figure 5.8: a) Schematic of all of the elements on the device, the colour plot represents
the change in the capacitance when a 36g load is placed on one element and the white arrow
indicates the element where the load was applied, b) change in capacitance with respect
to time for a human finger repeatedly touching an element, c) change in resistance of the
graphene strips after uniaxially bending the sensor around a 2cm bending radius, parallel
(black) and perpendicular (red) to bending radius
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Figure 5.9: An example of a touch sensor similar to the device tested.
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material for flexible capacitive touch sensors, proved by my prototype device shown in
Figure 5.9. Secondly, this novel fabrication technique can be used to create structures
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Future flexible displays and photovoltaics, and the associated electronics require ma-
terials that are flexible, optically transparent and electrically conductive. As discussed
in Section 2.4 and Chapter 5, the industry standard transparent electrode material is
indium tin oxide (ITO), however, it is mechanically rigid and incompatible with flexi-
ble applications[1, 2]. Monolayer and few layer graphene share many of the properties
desirable for flexible transparent conductors, including high optical transparency[3],
low production cost (Chapter 4), high mechanical flexibility and strength[4, 5]. Yet
graphene electrodes are limited by a high intrinsic resistivity, when compared to ITO.
This leads to a higher dissipation of energy in the electrode material, hence reduced
device efficiency.
A reduction in the sheet resistance of monolayer and few layer graphene has been
achieved through chemical functionalisation, where the best results yield 30 Ω/ with
90% optical transmission and 125 Ω/ with 97.7% optical transmission respectively[4,
6]. However, this is still three times larger than values reported for 10 µm thick ITO
(10 Ω/ with 85% optical transmission[7]).
In this chapter, I demonstrate a novel graphene based graphene conductor with
a sheet resistance as low as 8.8 Ω/ with 84% optical transmission. Furthermore, I
observed a high charge carrier concentration of 8.9×1014cm−2 and a room temperature
mean free path as large as ≈ 0.6 µm. These graphene based materials are obtained
with intercalation of ferric chloride (FeCl3). Through a combined study of Raman
spectroscopy, optical transmission spectroscopy and electrical transport techniques, I
confirm the intercalation of FeCl3 and the suitability of the resulting material as a
transparent conductor. Finally, I demonstrate the stability of the FeCl3 intercalated
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few layer graphene in a range of conditions.
6.2 Fabrication of FeCl3 intercalated few layer graphene
flakes
Pristine few layer graphene ranging from bilayer to five layers was obtained on a glass
substrate using mechanical exfoliation, as described in Section 3.2.1. The number of
layers of each few layer graphene flake was determined using optical contrast techniques
(Section 3.5.1) and Raman spectroscopy (Section 3.5.2). The FeCl3 intercalation was
performed using the two zone vapour transport technique[8], as discussed in Section 3.4.
The resulting flakes were characterised using Raman spectroscopy, optical transmission
measurements and low temperature electrical transport techniques.
6.3 Raman spectroscopy of FeCl3 intercalated few
layer graphene
Figure 6.1 shows the Raman spectra of few layer graphene before the intercalation
procedure. For the pristine graphene, I observed an increase in the G-peak intensity
and an evolution of the multipeak structure of the 2D peak related to the increase in
the number of layers, discussed in Section 3.5.2. After the intercalation, I observed a
change in the measured Raman spectra (Figure 6.3) due to the charge transfer from
the FeCl3 molecules[9, 10].
First there is an upshift in the G-peak related to the configuration of FeCl3 and the
graphene layers in the structure[9, 10], shown in Figure 6.2. For each layer of graphene
















Figure 6.1: The Raman spectra of pristine bilayer graphene to five layer graphene, in the
region on the G and 2D peaks.
Fe ClC
G1 peak G2 peak
a) b)
Figure 6.2: The configuration of the FeCl3 and graphene layers that give rise to a) the G1
peak, where each graphene layer has one adjacent layer of FeCl3 and b) the G2 peak, where
each graphene layer has two adjacent FeCl3 layers.
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with one adjacent layer of FeCl3, the G-peak is upshifted to 1612cm
−1, known as the
G1 peak. Similarly, for each layer of graphene with two adjacent layers, the G-peak is
upshifted to 1624cm−1, the G2 peak. The frequencies, line widths and line shapes of
the G1 and G2 peaks do not depend on the number of graphene layers. Furthermore
the multipeak structure of the 2D-peak becomes single peaked, as shown in Figure 6.3.
This behaviour is consistent with observations from studies where few layer graphene
was intercalated with Potassium and Rubidium[11, 12]. However, in the case of a
partial intercalation, identification of the structural composition cannot rely uniquely
on the Raman spectra. Further confirmation is required using complementary electrical
transport measurements[13].
6.4 Electrical transport measurements of FeCl3 in-
tercalated few layer graphene
To measure the electrical properties of FeCl3 intercalated graphene, I first characterised
pristine few layer graphene. All devices were patterned into a Hall bar geometry and
electrically contacted, as described in Section 3.3.
I measured the resistivity of bilayer to 5-layer pristine graphene flakes as a function
of temperature and results are shown in Figure 6.4. Firstly, I observed room tem-
perature resistivities of 2.5×103Ω/ for bilayer devices, monotonously decreasing to
1.2×102Ω/ for a 5-layer device. Secondly, I observed a semi metallic temperature
dependence, where the resistivity of all of the graphene samples increases with reduc-
ing temperature. The measured resistivity of the bilayer to 5-layer FeCl3 intercalated
graphene (Figure 6.5) shows a significant reduction in the room temperature resistivi-




















Figure 6.3: The Raman spectra for FeCl3 intercalated graphene ranging from bilayer
graphene to 5-layer graphene, with a focus on the G1,2 and 2D peaks.























Figure 6.4: The measured sheet resistance with respect to sample temperature for pristine
bilayer, trilayer, 4-layer and 5-layer graphene.
ties for all flake thicknesses, apart from the bilayer sample. The resistivity reduced as
the layer number increased from 600 Ω/ for trilayer graphene to 8.8 Ω/ for 5-layers
graphene. Furthermore, the temperature dependence shows, for trilayer to 5-layers, of
a metallic conductor, that the resistivity reduces with decreasing temperature. How-
ever, the bilayer sample shows the semi-metallic behaviour of the pristine analogue.
The explanation for why the measured bilayer sample behaves differently to the other
intercalated samples is routed in the fabrication process. It has been shown that ex-
posure to solvents, such as Acetone and IPA, used in the patterning and contacting
procedure causes a deintercalation of the structure [13, 14]. As the bilayer sample has
only one FeCl3 layer, it is more susceptible to deintercalation.
To discover the origin of the low sheet resistivity of the intercalated few layer
graphene, I investigated the effect of the charge transfer from the introduced FeCl3.

























Figure 6.5: The measured sheet resistance with respect to temperature for FeCl3 interca-
lated bilayer, trilayer, 4-layer and 5-layer graphene.


























Figure 6.6: a) The measured Hall resistance plotted against perpendicular applied magnetic
field, b) a zoomed plot of the measured Hall resistance for FeCl3 intercalated bilayer graphene.
All measurements were performed at 4.2K.
I measured the Hall resistance with respect to perpendicular applied magnetic field,
and results are shown in Figure 6.6. Fitting the linear Hall resistance allows for the
estimation of the charge carrier concentration, as described in Section 2.2.2. I observed,
for all samples thicker than bilayer, a charge carrier concentration between 4×1014 and
9×1014 cm−2, as shown in Figure 6.7a. Furthermore, the sign of the fitted gradient
shows that the dominant charge carriers are holes as the Lorentz force acts oppositely
for electrons and holes. This record high charge carrier concentration is three orders
of magnitude larger than that of pristine graphene at the CNP. The increased charge
carrier concentration increases the Fermi energy, hence the conduction of the material,
as discussed in Section 2.2.1.
To demonstrate that there is no degradation of the electrical quality of the interca-
lated graphene, I estimated the charge carrier mobility, using the method discussed in
Section 2.2.3, which is shown in Figure 6.7b. I observed mobilities similar to that of

































Figure 6.7: a) The measured charge carrier concentration, of FeCl3 intercalated graphene
plotted against the number of graphene layers, b) the estimated charge carrier mobility of
FeCl3 intercalated graphene plotted against the number of graphene layers.
pristine graphene, with a maximum observed mobility in FeCl3 intercalated few layer
graphene of 3500 cm2/(V.s). Furthermore, I estimated the room temperature mean
free path for 5 layer intercalated graphene to be 0.6 µm, suggesting low amounts of
disorder or structural damage present after the intercalation process.
6.5 Determining the optical transmission of FeCl3
intercalated few layer graphene
I prepared mechanically exfoliated few layer graphene onto transparent glass substrates
and determined the number of layers. The optical transmission was determined using
the technique described in Section 3.5.1. The few layer graphene flakes were then inter-
calated with FeCl3 using the two zone vapour transport method and the intercalation
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Figure 6.8: The optical transmission of pristine few layer graphene ranging from monolayer
graphene to 5 layer graphene. The transmission indicated is for a wavelength of 550nm.
was confirmed using Raman spectroscopy. To monitor the change in the optical trans-
mission I remeasured the transmission after the intercalation of the few layer graphene
flakes.
Figure 6.8 shows the optical transmission of pristine graphene (mono-, bi-, tri- and
5-layer), while Figure 6.9 shows the optical transmission for FeCl3 intercalated few
layer graphene (bi-, tri-, 4- and 5-layer), both for the visible wavelength range of light
(400nm-850nm). I observed the transmission taken at 550nm of the pristine graphene
ranged from 97.7% for monolayer graphene to 88.5% for 5-layer graphene. When I
compared this to the FeCl3 intercalated graphene, I observed a small reduction in the
550nm transmission. The FeCl3 intercalated bilayer graphene has a transmission of
94.5%, which reduces monotonously to 84.1% for 5 layers.
























Figure 6.9: The optical transmission of FeCl3 intercalated few layer graphene, ranging
from bilayer graphene to 5 layer graphene. The transmission indicated is for a wavelength of
550nm.




Figure 6.10: Several Raman spectra taken across the area of an FeCl3 intercalated sample
a) just after the intercalation process and b) after 3 month exposure to atmosphere.
6.6 The stability of FeCl3 intercalated graphene
FeCl3 is highly soluble in water, therefore it would be intuitive to suggest that FeCl3
intercalated graphene would not be stable in air, due to the ambient humidity, quickly
reducing the material to pristine graphene. However, I found that the FeCl3 interca-
lated graphene is stable and shows no significant deintercalation. I demonstrated this
stability with three experiments; leaving the sample exposed to the atmosphere for
three months and comparing the Raman spectra before and after; heating the sample
in atmosphere up to 150°C and measuring the room temperature resistivity; exposing
a sample to high levels of humidity (>95%) and measuring the resistivity.
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Figure 6.11: The Raman maps showing the G1 and G2 peaks before and after heating
to 150°C (scale bar : 10µm), b) the sheet resistance measured at room temperature after
exposure to heating detailed in c). All sample heating was performed in atmosphere.
Figure 6.10 shows the Raman spectra of a partially FeCl3 intercalated graphene flake
just after the intercalation process and after exposure to atmosphere for three months.
Although there are minor changes in the intensities of the G, G1 and G2 peaks, the
peak positions, shapes and relative intensities remain the same. If deintercalation had
occurred, I would observe an increase in the G peak and simultaneous reduction in the
G1 and G2 peaks. This is not observed allowing me to conclude that FeCl3 intercalated
graphene is stable in atmosphere at room temperature.
I then determined the stability of FeCl3 intercalated graphene up to temperatures of
150°C in atmosphere. First, I compared the Raman spectra before and after heating, as
shown in Figure 6.11a. I observed no change in the positions of the G1 and G2 between
before and after heating the sample to 150°C for 30 minutes. This demonstrates that
there is no deintercalation occurring in the sample of the sample. Furthermore, I tested
























Figure 6.12: The sheet resistance of a FeCl3 intercalated graphene flake measured after
exposure to > 95% humidity from 0 to 24 days. The inset shows the measured device.
the stability at temperatures up to 150°C using electrical transport measurements. I
patterned and contacted a FeCl3 intercalated few layer graphene device. The resistivity
was measured at room temperature, the sample was heated to 50°C for 30 minutes,
the sample was cooled to room temperature and the room temperature resistivity was
measured. The temperatures at which the sample was exposed where incrementally
increased from 50 to 150°C, as shown Figure 6.11c. As the resistivity of the sample
does not change (Figure 6.11b) I conclude that there is no deintercalation while the
sample is heated in atmosphere, reinforcing the results from the Raman maps in Figure
6.11a.
Finally, I demonstrate the stability of FeCl3 intercalated graphene in high humidity
conditions. I loaded a contacted FeCl3 intercalated graphene device into a chamber
where the (relative) humidity can be controlled in the range, 0 to 95%, and the resis-
tivity can be measured in-situ.
I measured the resistivity of the sample before humidity exposure, then I exposed
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the sample to > 95% humidity for 1 day. The sample was dried and the resistivity
was remeasured. I repeated the exposure until the cumulative exposure was 24 days.
I plotted the resistivity against time in Figure 6.12, where the device is shown in the
inset. There was no significant change in the resistivity after the prolonged exposure
to high levels of humidity.
To complement the electrical transport study for high humidity exposure, I per-
formed a Raman study of the same sample. Figure 6.13 shows the Raman spectra
from the same region of the sample after exposure to high levels of humidity. I ob-
served that there is no observable change in the relative intensities of the G1 and G2
after an exposure of 25 days.
Combining the information from these experiments, I demonstrated the stability
of FeCl3 intercalated graphene for long atmospheric exposure, temperatures of up to
150°C and 24 days at > 95% humidity.
6.7 FeCl3 intercalated graphene flakes as a trans-
parent conductor
The high optical transparency observed for FeCl3 intercalated graphene is comple-
mented by the remarkable electrical conductivity. However, to replace materials such
as ITO as a transparent electrode, the properties should exceed or match that of com-
mercially available ITO (Rs = 10 Ω/ with a 550nm transmission of 85%)[7]. In Figure
6.14, I compare the 550nm transmission and conductivity of ITO and the leading car-
bon based materials, doped carbon nanotube arrays [15, 4], doped monolayer graphene
and FeCl3 intercalated graphene. The multiple points represent different thicknesses
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Figure 6.13: The Raman spectra of a FeCl3 intercalated sample after exposure to humidity
(>95%) for 0 to 25 days.
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of the materials; for example, ITO has a resistivity of 7Ω/ with a 550nm trans-
mission of 75% for a thick film, where reducing the thickness increases the resistivity
to 100Ω/ with a 550nm transmission of 90%. Reducing the material thickness in-
creases the 550nm transmission, but reduces the parallel conductance in the film hence
increasing the resistivity, this leads to the bounding grey area highlighting the empiri-
cal dependence of resistivity on the 550nm transmission. In the comparison, the ideal
transparent conductor would have a high optical transmission and low resistivity, hence
tending to the bottom right corner of the graph. It is apparent that the resistivity and
550nm transmission of the 5-layer intercalated graphene outperforms the commercially
available ITO films. Furthermore, the doped carbon nanotubes and doped monolayer
graphene are poor performers, when compared to FeCl3 intercalated graphene.
6.8 Conclusion
In conclusion, I have shown the successful functionalisation of few layer graphene
through FeCl3 intercalation, which is confirmed through Raman spectroscopy and elec-
trical transport measurements. I demonstrated a significant reduction of the electrical
resistivity of up to three orders of magnitude when FeCl3 intercalated graphene is
compared to the pristine analogue. I showed a small change in the optical transmis-
sion spectrum of graphene flakes after the intercalation procedure, where the optical
transmission is still high enough to compete with commercially used ITO films. Fi-
nally, I also presented a systematic study of the stability of FeCl3 intercalated few
layer graphene, where I showed through Raman spectroscopy and electrical transport
measurements no significant change for a long exposures to high levels of humidity and
at temperatures of up to 150°C in atmosphere.
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Figure 6.14: A plot comparing the 550nm transmission and sheet resistance of ITO to those
of a range of carbon based conductors.
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However, in this chapter, I only consider small flakes to demonstrate the properties
of FeCl3 intercalated few layer graphene. The limitations are clear, it would be impos-
sible to create a 5 inch display for a mobile phone, using mechanically exfoliated and
intercalated graphene flakes, that can commercially compete with ITO for scalability.
This problem is addressed in the following chapter, where I extend the characterisa-
tion techniques and refine the intercalation and fabrication processes to increase the
scalability of the FeCl3 intercalation procedure.
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As demonstrated in the previous chapter, the electrical properties of graphene flakes
can be modified through FeCl3 intercalation. However, to make FeCl3 intercalated
graphene viable for next generation electrical applications, the producible sample size
needs to be significantly increased. One approach is to use few layer graphene grown on
silicon carbide (4H-SiC) [1]. This method of growth produces high quality films with
little variation in the number of layers grown and is combined with a substrate which is
compatible with the FeCl3 intercalation procedure. In this chapter, I demonstrate the
FeCl3 intercalation of trilayer graphene grown on 4H-SiC through Raman spectroscopy,
large area room temperature and microscopic cryogenic transport techniques.
7.2 Intercalating few layer epitaxial graphene
Epitaxial few layer graphene was obtained through the thermal decomposition of Si
face of a 4H-SiC silicon carbide substrate. The C face was cleaned of any graphene
present using plasma etching. The sample was then intercalated with FeCl3 for 24
hours using the procedure outlined in Section 3.4.
7.2.1 Raman identification
First, I characterised the Raman spectra of the few layer epitaxial graphene to deter-
mine the number of layers. Figure 7.1 shows the G and 2D peaks, after subtracting the
SiC Raman background, of the pristine sample. I observed a G peak and a multipeak
structure of the 2D peak. This indicates that the sample is not monolayer[2]. It has
been shown that for few layer graphene grown on SiC, the FWHM of the 2D peak
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Figure 7.1: The top spectrum shows the pristine trilayer graphene G and 2D peaks, where
fitting the 2D peak gives the number of layers of the graphene film. The bottom spectra
shows the spectra after the intercalation process including an upshifted G peak to the G1
and G2 peak positions and a single peaked 2D peak.
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exhibits a linear dependence on the inverse number of layers (N). FWHM(2D) = (-
45(1/N)+88)[cm−1][3]. The 2D peak measured in the sample has a FWHM of 72cm−1,
from which I estimate a layer number of 3.
Upon the intercalation with FeCl3, the G peak upshifts to the G1 and G2 peak
positions, 1610cm−1 and 1624cm−1 respectively[4, 5]. This is a demonstration of the
intercalation of FeCl3 molecules into the epitaxial few layer graphene. At the same time,
the 2D band structure of the few layer graphene on SiC is changed from a multi peak
structure to that of a single Lorentzian and the 2D peak position downshifts to that
of monolayer graphene on 4H-SiC (≈ 2715cm−1)[3]. These observations demonstrate
that the FeCl3 intercalated few layer graphene on SiC has three graphene sheets and
two FeCl3 layers intercalated between the graphene sheets.
7.2.2 Large area transport measurements of intercalated epi-
taxial graphene
The sheet resistance of the as grown epitaxial few layer graphene and FeCl3 interca-
lated few layer graphene was measured in a four terminal configuration in macroscopic
samples, with a conductive channel of fixed width (0.7cm) and channel length ranging
from 0.7 to 4.2 mm using Ti/Au (5/50 nm) contacts. Figure 7.2 shows that the pristine
epitaxial graphene has an average sheet resistance of (174 ± 9)Ω/, estimated from the
linear fit. The corresponding values of resistance in the same devices after intercalation
with FeCl3 are systematically lower with an average value of (16.6 ± 0.6)Ω/.
The distribution of sheet resistance of pristine and FeCl3 intercalated graphene are
presented as two histograms, shown in Figure 7.3. In both cases, I found a single
peaked distribution with narrow spreading of the sheet resistivity demonstrating the
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Figure 7.2: Longitudinal resistance plotted against the aspect ratio of the device, where L
is the sample length and W is the width of the current channel (0.7cm). The blue points
are for pristine trilayer graphene, the red points are for intercalated trilayer graphene, where
the fitted linear gradients represents the large area resistivity. The inset describes the device
geometry and measurement circuit. Error bars are smaller than the size of the data points
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Figure 7.3: a) Distribution of the measured large area resisitvities for pristine trilayer
graphene, b) distribution of the measured large area resistivities for intercalated trilayer
graphene.
homogeneous and reproducible electrical properties in large area FeCl3 intercalated
graphene.
7.3 Characterising the electrical properties of in-
tercalated epitaxial graphene
The charge carrier sign and concentration are readily characterised from measurements
of the Hall resistance in Hall bar devices, shown in the inset of Figure 7.4. The positive
slope of the Hall resistance with respect to applied field indicates that the dominant
charge carriers are holes with a concentration of n > 1.5×1014 cm−2. The charge
carrier concentration far exceeds the values achievable with top-gates on SiC[6] and is
comparable to that achieved in electric double layer few layer graphene transistors[7].
Measurements of the temperature dependence of the longitudinal resistivity ρxx
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Figure 7.4: The Hall resistance plotted against the applied perpendicular magnetic field,












Figure 7.5: The measured temperature dependence with respect to longitudinal resistivity
for the FeCl3 intercalated graphene device shown in the inset of Figure 7.4.
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show that this decreases monotonously from 175K down to 25K as expected for heavily
doped graphene[8], as shown in Figure 7.4. However, at temperatures below 25K, there
is an increase in ρxx that was not previously observed in FeCl3 intercalated graphene
flakes and whose quantum nature can only be unveiled with a detailed study of the
magnetic field dependence.
7.4 Magneto-resistance in intercalated graphene
Figure 7.6 shows the results of a measurement of ρxx(B) performed at a temperature
of T = 1K. A zero-field peak characteristic of weak localisation is clearly visible[9].
As the magnetic field breaks time reversal symmetry, the quantum interference and a
classical magneto-resistive signal are observed (|B| > 250 mT). Due to the size of the
sample of the Hall bars, I can directly measure the weak localisation signal without
any need for subtracting any mesoscopic conductance fluctuations typically present in
mechanically exfoliated pristine graphene[9].
A detailed study of the temperature dependence of the longitudinal magneto-
resistivity shows that the weak localisation peak is heavily suppressed when the tem-
perature increases, as shown in Figure 7.7. At the same time for larger fields (|B| > 250
mT), the concavity of the parabolic shape background of ρxx verus B is clearly tem-
perature independent. Recent experiments have shown that the longitudinal magneto-
resistance can be understood as the sum of a Drude term plus a correction due to the
electron-electron interaction[10]. The signature of the electron-electron interaction is a
strong temperature dependence of the concavity of ρxx. However, there is no observable
change in the concavity or sign of the parabola, indicating that the magneto-resistance
is described by the classical Drude term.
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Figure 7.6: The measured longitudinal resistivity at 1K with respect to applied perpendic-
ular magnetic field for FeCl3 intercalated graphene.
I can describe accurately the experimental data using the equivalent magneto-
resistance for three parallel hole gases with similar carrier concentrations, as previ-
ously identified with Raman spectroscopy. To analyse the weak localisation signal, I
subtracted the classical magneto-resistance background by fitting a classical parabolic
field dependence.
7.5 Weak localisation in intercalated graphene
Figure 7.8 shows the measured weak localisation signal extracted from the longitudinal
magneto-resistivity after subtracting the classical background and the corresponding
best fit of the total magneto-conductance modelled with the parallel of three decoupled
hole gases for different temperatures. I considered the equivalent magneto-conductance
for the intercalated few layer graphene to be ∆σ =
∑3
j=1 ∆σj, where ∆σj is that well












Figure 7.7: The measured longitudinal resistivity with respect to perpendicular magnetic
field for a temperature range between 280mK and 80K. The black lines indicate a parabolic
fit of the data under the condition |B| > 250mT.
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Figure 7.8: A plot of the change in longitudinal conductance due to weak localisation
plotted against perpendicular magnetic field from 280mK to 80K. The black lines are the fit
of the data to Equation 7.1.
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At T = 280 mK, the best fit values for the middle hole gas with higher charge carrier
concentration are Bi = (7.4 ± 0.6) × 10−4T and Bφ = (1.2 ± 0.2) × 10−4T and for
the outer hole gases with lower charge density Bi = (4.6 ± 5) × 10−3T and Bφ = (1.6
± 3) × 10−3T. In the fitting procedure, the term containing B? is large with respect
to Bi and Bφ, stemming from the very short τ? compared to the other characteristic
times (τi and τφ). Furthermore, τi is independent of temperature and is assumed to be
the same for all of the fits of the magneto-conductance. This leaves τφ as a free fitting
parameter for the magneto-conductance peaks.
If I assume an identical diffusion constant for each hole gas, I can estimate the
value of τφ at each temperature. When I plot τφ for two representative samples with
respect to measurement temperature, I observe two different regimes, highlighted by
plotting the data in a log-log plot, shown in Figure 7.9. For temperatures above 4 K,
I observed a rapid decrease in the dephasing time and for temperatures below 4 K,
there is a saturation in the dephasing time. Although this saturation is observed in
pristine graphene samples, which is attributed to magnetic impurities in microscopic
concentrations, it typically occurs at lower temperatures[11]. In this case, the presence
of iron in the intercalant species is attributed to as the source of the saturation in
dephasing time[12].
The dephasing length (Lφ) can be extracted from the parameter Bφ using the re-
lation Lφ = (Dτφ)
1/2, which gives Bφ = ~/(4eL2φ). Therefore, without making any
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Figure 7.9: A plot showing the estimated τφ with respect to temperature for two different
samples.
assumption in the diffusion constant of the hole gases, I extracted the corresponding
values of Lφ for a wide range of temperatures (80 K to 280mk), as shown in Figure 7.10.
Upon lowering the temperature, the values of Lφ estimated for FeCl3 intercalated epi-
taxial few layer graphene increase monotonically; however below 4 K the increase of Lφ
is less pronounced with a maximum value of Lφ = 1.17 µm at 280 mK. To understand
the possible origin of the temperature dependence of Lφ in the material, I compared
Lφ(T) for two representative samples (Labeled S1 and S2) with values measured in
pristine mechanically exfoliated[9], pristine epitaxial[10, 11] and CVD graphene[13],
as shown in Figure 7.10. The overall temperature dependence of Lφ is similar for all
kinds of graphene, however there are two striking features that separate the interca-
lated graphene from the pristine graphene. The intercalated graphene has a higher Lφ
than the pristine graphene at any give temperature and Lφ decreases rapidly only for
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 CVD-grown graphene Ref. [13]
 Epitaxial graphene on SiC Ref. [10]
 Epitaxial graphene on SiC Ref. [11]
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Figure 7.10: A plot showing the estimated dephasing length (Lφ) with respect to temper-
ature for two different samples. For comparison, there are four other studies included which
use CVD graphene[13], epitaxial graphene[10, 11] and natural graphene[9].
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temperatures much higher than what is observed in pristine graphene.
The origin of the < 4 K saturation of Lφ is unclear, although it occurs at a tempera-
ture where a magnetic phase transition is reported in bulk FeCl3 stage one intercalated
graphite[14], which would explain the absence of this effect in the pristine graphene
samples. However, without further transport measurements I only conjectured that
this is the origin of the saturation at 4 K.
7.6 Conclusion
In conclusion, I have demonstrated the successful intercalation of large area epitaxial
graphene grown on 4H-SiC with FeCl3, through Raman spectroscopy. I found that
this material has a very low square resistance (≈16Ω/) becoming an ideal candidate
for transparent electrodes in novel complementary applications targeted by SiC-based
electronics. With a detailed study of the Raman spectra, I have characterised the
structure of this material. Finally, I conducted a systematic study of the magneto-
resistance in Hall bar devices and I have estimated a larger dephasing length reported
in pristine graphene at any temperature in the range 280 mk < T < 80 K, with Lφ ≈
1.2 µm at 280 mK.
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The development of flexible photovoltaic and light emitting devices depend on the
availability and compatibility between flexible and transparent electrodes and pho-
toactive materials[1]. Furthermore, the diffusion of ITO into the photoactive layers of
photovoltaic (PV) or organic light emitting diode (OLED) is also a well-known cause
of device degradation[2]. Meshes of metallic nanowires are emerging as an attractive
alternative, since they have high optical transmission (≈ 80% at 550nm) and low sheet
resistivity (38 Ω/) even when subject to 16% strain[3]. However, scattering of light off
nanowires can introduce significant optical haze, limiting the range of applications for
which these materials are suitable. Graphene, as shown in Chapter 5, is an emerging
contender for future flexible electronics as the conductance remains unchanged even
when subjected to strains of 6.2%[4] and does not form haze as it is a continuous film.
However, the high sheet resistivity sets an upper limit to the maximum transparent
electrode area. The potential drop across the transparent electrode increases with area,
resulting in a voltage gradient hence a non uniform light emission from OLED devices
or other light emitting devices.
So far my search for the best suitable transparent and flexible conductor has ad-
dressed FeCl3 intercalated flakes, which are limited in viability by sample size, and
FeCl3 intercalated large area epitaxial graphene, which is limited by a rigid SIC sub-
strate.
In this chapter, I show that large area FeCl3 intercalated few layer CVD graphene
exhibits a macroscopic low resistivity of 20.52 Ω/ and high optical transmission of
77% at 550nm, which is comparable to 10 µm thick ITO. Furthermore, I demonstrate
the success of the large intercalation of FeCl3 through Raman spectroscopy for a 1cm
2
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sample on SiO2/Si substrate. Finally, I demonstrate a novel transfer process where
FeCl3 intercalated few layer graphene can be transferred onto arbitrary substrates.
8.2 Fabrication of FeCl3 intercalated graphene grown
on nickel substrates
Large a few layer graphene grown on silicon supported nickel film was purchased from
Graphene Square. It was transferred to glass and SiO2/Si substrates using the PMMA
supported wet etch transfer, described in Section 3.2.3, in a 1M FeCl3 solution. The
films were subsequently transferred to ultrapure water, to a concentrated HCl solution
for 1 hour and rinsed in ultrapure water[5]. Finally the film of PMMA and few layer
graphene were transferred to a glass or SiO2/Si substrate and, after 24 hours, the
PMMA was removed with acetone/IPA. The samples where intercalated using the two
zone vapour transport method discussed in Section 3.4.
8.3 Raman spectroscopy
Figure 8.1 shows two representative spectra of the resulting intercalation of FeCl3 into a
few layer region of the graphene film. There are two different regimes observed. Firstly,
there is an underlying uniform thin graphene film which shows no intercalation (Figure
8.1a). Secondly, there are multilayer graphene islands on top of the continuous film
which show the distinctive G1 and G2 bands, which occur at 1610cm and 1624cm
−1
respectively. Furthermore, for this regime the few layer graphene layers are decoupled
due to the adjacent FeCl3 layers; this manifests as a change from the multipeak to a
single peak, as shown in Figure 8.1b. These factors demonstrate the intercalation of the
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Figure 8.1: a) Raman spectrum for a thin region of graphene before (Top) and after (Bot-
tom) the intercalation process, b) Raman spectrum for a few layer island of graphene before
(Top) and after (Bottom) the intercalation process.
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Figure 8.2: a) An illustration of the FeCl3 intercalated graphene islands on a thin film of
not intercalated graphene, b) a schematic of the cross section through the film showing the
parallel conduction and c) the equivalent circuit diagram of b) where RG is the resistance
of the graphene under layer and RFeCl3 is the resistance through the intercalated multilayer
graphene.
some of the regions probed with the excitation laser. To understand the effect of these
intercalated regions on the electrical performance of the film, transport measurements
were performed.
8.4 Large area transport measurements
The four terminal resistance was used to probe the effect of the intercalation and
determine if there is low sample resistivity of the islands of FeCl3 intercalated few layer
graphene shorting the underlying graphene film illustrated in Figure 8.2.
The sample resistance was measured with respect to the device aspect ratio, using
a channel width of 1 cm and length ranging from 1.5 to 6 mm. Figure 8.3 shows





















Figure 8.3: A graph showing the measured resistance (R) of an FeCl3 intercalated few
layer graphene film plotted against the aspect ratio (L/W), where the dashed gradient is
representative of the resistivity. The inset shows the measurement circuit.
the measured sample resistance plotted against the aspect ratio of the device, where
the average sheet resistance is determined to be 20.52 ± 0.48 Ω/. Furthermore, the
strong correlation between the resistance and the aspect ratio confirms that the sample
is uniformly doped on a macroscopic scale.
8.5 Optical transmission
I measured the optical transmission of FeCl3 intercalated few layer graphene grown on
a nickel substrate transferred onto glass. Figure 8.4 shows the optical transmission over
the range of light wavelengths from 450 to 850nm. Similarly to the FeCl3 intercalated
mechanically exfoliated flakes, a high optical transmission is observed from 74% at
450nm increasing monotonously to 88% for 850nm, where the 550nm transmission is
77%.
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Figure 8.4: The optical transmission of the FeCl3 intercalated few layer graphene film from
450 to 850nm. The inset shows the FeCl3 intercalated graphene on glass.
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8.6 Intercalated graphene grown on nickel as a trans-
parent conductor
It is clear that the large area FeCl3 intercalation of the multilayer graphene gives
significantly reduced resistivity, as with the mechanically exfoliated[8] and epitaxial
analogues[7]. However, the resistivity of 20.52 Ω/ is still larger than the desired 10
Ω/ of ITO. The optical transmission is also high, with a value of 550 nm, but is still
below that of ITO, 80% at 550 nm[6]. Although these values underperform by a small
margin with respect to ITO, these parameters do not exclusively affect the viability
of a transparent conductor. For example, the production of ITO requires indium, a
rare earth metal, making the price increase due to increasing demand and a finite
supply[9]. The materials required for the production of multilayer graphene and the
intercalation process (hydrogen,methane, nickel and FeCl3) however are all abundant
giving sustainability in production costs and capacity.
8.7 Transfer to of FeCl3 intercalated graphene to
arbitrary substrates
The correct choice of the substrate used for the intercalation process depends on the
tolerance of the substrate to the intercalation temperatures (360°C), exposure to high
temperature FeCl3 vapours and Cl2 gas. Materials such as glass and silicon wafer are
stable to temperatures up and beyond the intercalation temperature and do not react
with FeCl3 or Cl2, making them suitable for the intercalation process; however they are
rigid. Plastic substrates, on the other hand, are flexible and cheap to produce, but they
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Figure 8.5: A schematic showing the transfer of FeCl3 intercalated graphene onto arbitrary
substrates. a) FeCl3 intercalated graphene on a glass substrate, b) PMMA spun coated
on the substrate, c) thermal release tape is applied and the PMMA and FeCl3 intercalated
graphene were pealed off the glass substrate, d) the thermal release tape was applied to a
PEN substrate, e) the thermal release tape was heated and removed, then the PMMA was
removed using acetone and IPA.
do not tolerate the extreme conditions of the intercalation process. I have developed a
method which combines both substrates; first I intercalate the few layer graphene on a
glass substrate, spin coat PMMA and attach to thermal release tape. I then peeled the
thermal release tape off the substrate with the intercalated film attached to the tape
and then released the film onto a plastic substrate using heat. This process is shown
in Figure 8.5a-e.
8.8 Conduction on flexible substrates
To demonstrate the conduction of the transferred film the sample was tested as a
component in a simple circuit. Contacts were attached to the sample using silver
paint and put in series with a battery, LED and 1KΩ resistor. Figure 8.6a shows the
LED illuminated when the circuit is complete. Furthermore, removing the resistor,
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Figure 8.6: a) A photograph showing the series circuit of a 9V battery, an LED, the
transferred intercalated film and a resistor, b) the same circuit with the resistor removed.
Figure 8.6b shows a brighter illumination of the LED. The resistor is clearly limiting
the current flowing through the LED, demonstrating that the sample has a resistivity
much lower than that of the 1KΩ resistor.
Finally, Figure 8.7 shows the transferred film conducting while the substrate is
deformed by flexing.
8.9 Conclusion
In conclusion, the intercalation of large area multilayer graphene has been demon-
strated through Raman spectroscopy and large area transport measurements. The
lower resistivity and high optical transmission were observed over a large area and is
comparable to that of ITO as a transparent electrode. Futhermore, the abundance
of production materials gives FeCl3 intercalated graphene the stability in price and
capacity compared to that of ITO.
As an extension to the FeCl3 intercalation of large area graphene, I also demon-
strated a novel transfer technique to overcome the issue of producing FeCl3 intercalated
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Figure 8.7: A photograph showing the film conducting while the substrate is flexed.
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graphene on substrates not compatible with the intercalation process. Finally, the con-
ductivity of the transferred sample was demonstrated by illuminating an LED.
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The overall aim of this thesis is to investigate the use of graphene for flexible and
optoelectronic applications.
The first objective was to investigate alternative methods of large area graphene
growth with the aim of reducing the manufacturing costs, while maintaining the quality
required for graphene human interface devices. In Chapter 4, I described the growth
of graphene in a cold walled furnace, then using Raman spectroscopy, SEM and AFM
I optimised the growth process. I was able to produce high quality graphene devices
with charge carrier mobilites of 3300 cm2/(Vs) which showed clear QHE features at
relatively low magnetic fields of 5T. Finally, I demonstrated that the new process
produces high quality graphene, while reducing the cost of producing CVD graphene
as much as 99.89%.
The second objective was to develop new fabrication methods for the production
of large area graphene devices, which are flexible and transparent. In Chapter 5, I
presented a novel fabrication technique for large area graphene touch sensor, which can
detect touch using both mutual- and self-capacitance. Furthermore, I demonstrated
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that this novel fabrication technique could be used to create structures where other
fabrication techniques were previously limiting the development of flexible graphene
electronics, which is both flexible and durable. Finally, I demonstrated that graphene
is indeed a suitable electrode material for flexible capacitive touch sensors, proved by
a prototype device.
The third objective was to demonstrate that through functionalisation of graphene
the electrical resistivity can be significantly reduced, while maintaining the high stabil-
ity and optical transmission of graphene. In Chapter 6, I demonstrated the intercalation
of FeCl3 molecules between the layers of graphene which was confirmed using Raman
spectroscopy and Hall effect transport measurements. The doping of the graphene re-
duces the resistivity by three orders of magnitude to 8Ω/, while maintaining the high
optical transmission. Finally, I demonstrated the stability of the FeCl3 intercalated
graphene by measuring the Raman spectra and electrical transport properties over a
range of high humidity and high temperature environments. In all cases, I found no
change in the properties of the FeCl3 intercalated graphene flakes.
The final objective was to investigate the upscaling of the FeCl3 intercalation process
of multilayer graphene over a large area, for the development of transparent electrodes
that are flexible and low resistance. In Chapter 7, I demonstrated the intercalation of
multilayer graphene grown on a 4H-SiC substrate using complementary Raman spec-
troscopy and electrical transport techniques. Furthermore, I conducted a systematic
study of the magneto-resistance in Hall bar devices and I have estimated a larger de-
phasing length in pristine graphene at any temperature in the range 280 mk < T < 80
K, with Lφ ≈ 1.2 µm at 280 mK. In Chapter 8, I demonstrated the successful inter-
calation of large area multilayer graphene grown on a nickel substrate through Raman
spectroscopy and large area electrical transport measurements. The lower resistivity
189 CHAPTER 9. CONCLUSION
(20Ω/) and high optical transmission (>77%) were observed over a large area and
are comparable to those of ITO as a transparent electrode.
As an extension, I also demonstrated a novel transfer technique to overcome the is-
sue of producing FeCl3 intercalated graphene on arbitrary substrate. Finally, I showed
an example of the low resistivity and flexibility of FeCl3 intercalated graphene trans-
ferred onto a plastic substrate by illuminating an LED.
In conclusion to this thesis, the work I performed has demonstrated that graphene
is a viable and cost effective alternative to ITO for flexible electrode to be used in touch
screens. Finally, I also showed that FeCl3 functionalised graphene is a real contender as




10.1 Appendix A - Estimating the cost of produc-
ing CVD graphene
To compare the diverse range of CVD growth recipes I assume; all processes produce
1cm2 of graphene; the cost of electricity in per kWH is £0.1352 and a MTI 1200X-
5L hot walled furnace is used. I focus on three aspects of the process to provide my
estimate. First, I consider the cost of copper foil used for growth. Taking the cost of
25 µm thick, 2.5 cm x 100 cm foil, with 99.999% pure copper from Alfa Aesar to be
£88.20, I estimate the cost of the copper foil to be £0.3528 per square cm[1].
Secondly, I consider the total energy cost of graphene production. For an MTI
1200X-5L hot walled furnace, the power consumption is assumed to be at maximum
during the ramping to the growth temperature (6kW) and that the power consumption
scales linearly with temperature to a maximum of 6kW at 1200°C. For a growth tem-
perature of 1000°C, the power consumption is estimated to be 5.175kW[2]. I included
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Gas Type Purity Cost(£) Volume(m3) Cost per Volume(£/m3)
Hydrogen N = 5.5 276.12[5] 8.8 31.37
Methane N = 5.5 889.97[5] 10 88.99
Argon N = 6 339.43[5] 10.6 32.02
Table 10.1: The estimation for cost of each different growth gas in £per cubic meter (m3).
an article where the sample space is heated by a plasma, for which the power con-
sumption is estimated to be 0.7kW[3]. The power consumption of a resistively heated
cold walled furnace, in our work, is 0.3kW for the ramping to the growth tempera-
ture and assumed to scale linearly as a function of temperature to 0.3kW at 1200°C.
To estimate the energy usage for each growth procedure, I multiplied the power draw
with the length of time heating that was required, and then multiplied by the average
electricity cost in the UK[4].
Finally, I estimated the cost of the gases used for CVD graphene growth. This was
done by collating the time and rate of gas flows for each article. The volume of gas
used was estimated in cubic meters (m3) and the cost was then estimated (Table 4.3).
The cost per m3 of each growth gas was estimated using information available from
BOC and presented in Table 10.1.
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